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Abstract: Exposure to aerosol particles can cause health issues such as respiratory and 
cardiovascular diseases. Nevertheless, aerosol particle exposure with size-resolved 
information was seldom investigated in real-life European houses in the long term, 
especially for the ultrafine size range.  
In this work, indoor and outdoor measurements were conducted from December 2016 to 
March 2019. A standard of high-quality indoor and outdoor particle measurements in 
multi-homes was established for the first time. For more than 500 days, measurement data 
were collected in 40 German homes, including particle mass concentrations (PMC) of 
PM10, PM2.5, and PM1, particle number concentration (PNC) and size distribution, 
equivalent black carbon (eBC) mass concentration, CO2 concentration, and the residents’ 
activity log. With such novel dataset, representative patterns of diurnal and seasonal 
variation of particle concentration and size distribution as well as eBC mass concentration 
have been captured. In the warm season, diurnal cycles of indoor PMC and PNC showed 
weaker variation and less intense peaks (around the time of breakfast, lunch and dinner) 
than in the cold season, due to ventilation reducing the effect of indoor sources. To better 
understand the key dynamic processes of indoor particles (i.e. ventilation, building shell 
penetration, particle losses and emission), two commonly used quantitation methods, 
single parameter approach (SPA) and Indoor Aerosol Model approach (IAM), were 
compared and evaluated for the first time. Correction factors were derived to adjust the 
emission rates calculated from the simplified SPA approach, making emission rates 
derived from different levels of analysis mutually comparable. 
Results show that indoor source was the major contributor (56%) to indoor particle 
number exposure in investigated German residences. For the contribution of outdoors, 
penetration through the building envelope (26%) was higher than infiltration through 
open windows (15%). Burning candles and opening of window(s) led to seasonal 
differences in the contributions of indoor sources to residential exposure (70% and 40% 
in the cold and warm season, respectively). Indoor sources should be taken into 
consideration in future epidemiological studies and risk assessment of exposure to 
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Kurzzusammenfassung: Aerosolpartikel können gesundheitliche Probleme wie 
Atemwegs- und Herz-Kreislauf-Erkrankungen verursachen. Jedoch wurde die 
Aerosolpartikelexposition, insbesondere für ultrafeine Partikel, in realen Europäischen 
Haushalten bisher nicht langfristig untersucht. 
Für diese Arbeit wurden Messungen im Innen- und Außenbereich von Dezember 2016 
bis März 2019 durchgeführt. Erstmals wurde ein Standard für qualitativ hochwertige 
Innen- und Außenmessungen von Aerosolpartikeln in Wohnhäusern etabliert. An mehr 
als 500 Tagen wurden Messdaten verteilt über 40 deutsche Haushalte gesammelt, 
darunter die Partikelmassekonzentration (PMC) von PM10, PM2,5 und PM1, die 
Partikelanzahlkonzentration (PNC) und deren Größenverteilung, die Massekonzentration 
des äquivalenter schwarzer Kohlenstoff (eBC – equivalent Black Carbon) und ein 
Aktivitätsprotokoll der Bewohner. Mit diesem neuartigen Datensatz wurden 
repräsentative Muster der tages- und jahreszeitlichen Variation der Partikelkonzentration 
und Partikelgrößenverteilung sowie der eBC-Konzentration erstellt. Im Sommerhalbjahr 
zeigen sich schwächere Variationen und weniger intensive Spitzen (während der 
Frühstücks-, Mittags- und Abendessenszeit) in den Tageszyklen von PMC und PNC als 
im Winterhalbjahr. Dies ist auf die die Belüftung zurückzuführen, die den Effekt von 
Innenraumquellen reduziert. Zwei häufig verwendete Quantifizierungsmethoden der 
Schlüsselprozesse, der Single-Parameter-Ansatz (SPA) und der Indoor-Aerosol-
Modellansatz (IAM), wurden zum ersten Mal quantitativ verglichen und bewertet. Es 
wurden Korrekturfaktoren abgeleitet, um die mit dem vereinfachten SPA-Ansatz 
berechneten Emissionsraten anzupassen, so dass die aus verschiedenen Analyseebenen 
abgeleiteten Emissionsraten miteinander vergleichbar sind. 
Die Ergebnisse zeigen, dass Quellen in Innenräumen den größten Beitrag (56%) zur 
Partikelanzahlexposition der Bewohner der untersuchten deutschen Haushalte leisten. 
Der Beitrag des Außenbereichs durch das Eindringen durch die Gebäudehülle (26%) ist 
höher als der durch offene Fenster (15%). Brennende Kerzen und das Öffnen von 
Fenster(n) hatten den größten Einfluss auf die saisonalen Unterschiede in der 
Partikelexposition. Innenraumquellen sollten in zukünftigen epidemiologischen Studien 
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1 Introduction  
Aerosol particles, or particulate matter, have attracted concerns for public health because 
of their association with respiratory and cardiovascular diseases (Pope III and Dockery, 
2006; Brook et al., 2010). Exposure to black carbon (BC), for example, has been found 
to trigger inflammatory reactions in the airways, which is a major cause of asthma and 
lung dysfunction (Jansen et al., 2005; Bell et al., 2009; WHO, 2012). In air quality 
regulation, the particle mass concentrations (PMCs) are often quantified by the metrics 
PM10 and PM2.5 (particles < 10 μm and < 2.5 μm aerodynamic diameter, respectively).  
Some epidemiological studies have, however, suggested that a major part of the adverse 
health effects induced by aerosol particles can go down to the ultrafine particles (UFP, 
mobility diameter  Dp < 0.1 µm) (Peters et al., 1997; Franck et. al. , 2011). Due to their 
small size, ultrafine particles are able to penetrate deep into the alveolar region of the lung 
(ICRP, 1994). Non-soluble particles can subsequently enter into cell tissue and the 
bloodstream (ICRP, 1994; Oberdörster, 2000; WHO, 2006; Franck et al., 2011). As 
illustrated in Figure 1-1, the deposition efficiency of particles in the human body depends 
on the particle size (Geiser and Kreyling, 2010). However, overview studies have 
concluded that the evidence for independent health effects induced by ultrafine particles 
is not yet conclusive (Rückerl et al., 2011; HEI, 2013; Ohlwein et al., 2018). In general, 
there is a lack of exposure data for epidemiological studies addressing the health effects 
of ultrafine particles (Bhangar et al., 2011).  
Despite a remarkable decline in air pollution in much of the developed world in recent 
decades, ambient particulate matter pollution, and household air pollution from solid fuels 
and smoking remain among the top ten global risk factors for deaths and disability-
adjusted life years (Cohen et al., 2017). In developed countries, people spend more than 
65% of their time at home (Kousa et al., 2002; Brasche and Bischof, 2005; Odeh and 
Hussein, 2016). Particle emission from residential activities contributes significantly to 
personal exposure. However, due to the lack of residential particle emission data and 





Residential buildings in European Union have been required to improve the energy 
efficiency, e.g. install double/triple glazing of windows and promoting efficiency in 
heating and cooling (Parliament and Union, 2006; Directive, 2012). Since the 
requirement of the Energy Saving Regulation “Energieeinsparverordnung” (EnEV) 
issued in 2001 in Germany, most German homes are now equipped with modern energy-
efficient windows. Moreover, in contrast to e.g. North America, where wood is the main 
construction material for private homes, apartments/houses in central Europe are often 
built of bricks. Furthermore, due to meteorological conditions and cultural preferences, 
German homes are rarely equipped with mechanical ventilation systems and air 
conditioning. All these factors lead to a different state of ventilation and infiltration of air 
in buildings than elsewhere in the world, further altering the contribution of outside 
particles to indoor air. Comprehensive indoor and outdoor measurements are therefore 
necessary, especially for Central European residential buildings, in order to determine 
aerosol dynamic processes and to better understand the source attribution of particle 
exposure. 
 






1.1 Particle concentrations and size distributions in the 
residential environment 
To estimate the residential exposure to particles, the measurement data of particle number 
and mass concentrations as well as their size distributions are needed, both indoors and 
outdoors. A series of residential indoor and outdoor particle studies were focused on the 
particle mass concentration (PMC) of PM10 and PM2.5 (Monn et al., 1997; Geller et al., 
2002; Allen, 2003; Hänninen et al., 2004; Rodes et al., 2010; Hassanvand et al., 2014; 
Morawska et al., 2017). Due to the different measurement set-ups and geographical 
locations, these studies reported a wide concentration range of the indoor PM10 and PM2.5 
with 15 – 259 μg m-3 and 3 – 202 μg m-3, respectively (Morawska et al., 2017). For fine 
particles (diameter <1 μm), especially ultrafine particles (diameter <100 nm), the particle 
number concentration (PNC) is often a better parameter than the mass concentration to 
describe the dynamic changes of indoor particles (Bhangar et al., 2011; Morawska et al., 
2013; Wallace et al., 2019). Since the deposition efficiency of particles in the human 
respiratory tract is size-dependent, measuring the particle number size distribution (PNSD) 
would provide valuable information for indoor particle exposure and epidemiological 
studies. 
However, only relatively few studies have investigated the residential particle number 
and mass concentration level with a full picture of particles from 10 nm to 10 µm size 
range and with size-resolved information (Abt et al., 2000; Long et al., 2000; Diapouli, 
2011; Hussein, 2017). Among them, only in the study by Diapouli (2011) simultaneous 
indoor and outdoor measurements were performed in Europe, however, only three flats 
were included.  
Another important air pollutant is BC, which is considered a reliable measure of harmful 
particles from combustion-related sources (Buonanno et al., 2013; Pañella et al., 2017; 
Merritt et al., 2019). Many studies have investigated personal exposure to BC in different 
microenvironments with a focus on traffic-related air pollution (Dons et al., 2012; Li et 
al., 2015; Moreno et al., 2015; Williams and Knibbs, 2016; Betancourt et al., 2017; Ham 





2019). Only a few studies have investigated indoor BC emissions from combustion-
related sources in residential environments over the long term, and most of these studies 
have taken place in the USA and Asia (LaRosa et al., 2002; Baxter et al., 2007; Rehman 
et al., 2011; Patange et al., 2015; Coombs et al., 2016; Downward et al., 2016; Dong et 
al., 2018; Tang et al., 2018; Alas et al., 2019; Isiugo et al., 2019). Overall, there is a lack 
of knowledge concerning particle exposure levels in the long-term and in multiple 
European homes.  
Previous studies pointed out that one reason for this could be the lack of standardization 
of comprehensive indoor and outdoor particle measurements in residential environments 
(Koivisto et al., 2019). Moreover, due to the different detection limits of the instruments, 
the calibration method and the measurement setup, it is difficult to make a mature 
comparison of the measurement data from different studies (Morawska et al., 2017).  
 
1.2 Aerosol dynamics in the residential environment 
Previous studies indicated that coarse particles in indoor environments (contributing to 
particle mass concentration of PM2.5 and/or PM10) are caused by resuspension, e.g. from 
sweeping, hovering, dusting, human movement (walking, dancing, children playing) (Abt 
et al., 2000; Long et al., 2000; Koistinen et al., 2004; Ogulei et al., 2006; Gudmundsson 
et al., 2007; Morawska et al., 2013). However, fine particles are a mixture of particles 
originating from outdoors and emitted from indoor sources (e.g. related cooking activities 
and candle burning) (Chen and Zhao, 2011). Concentrations and composition of indoor 
particles are influenced by processes and factors such as the ventilation rate, the building 
shell penetration factor, particle losses, and the emission profile of indoor sources 






1.2.1 Penetration from outdoor 
Earlier studies indicated that aerosol particles originating from outdoors might have 
higher toxicity than those emitted from indoors (Ebelt et al., 2005; Koenig et al., 2005). 
Outdoor particles can be transported into indoor environments through natural ventilation 
(open window), mechanical ventilation, and cracks or leaks in a building. During the 
penetration, the distribution pattern of the outdoor particles is changed due to losses by 
diffusion and gravitational settling. Therefore, the efficiency of the penetration process 
(commonly reported as the penetration factor) is rather particle size-dependent (He et al., 
2005; Hussein et al., 2009b). The penetration process can be influenced by many factors 
including meteorological conditions (wind speed, temperature, and pressure), window 
types, and residential building materials and structures (Morawska et al., 2017).  
 
1.2.2 Indoor particle losses 
Indoor particle removal mechanisms are particle size dependent, including deposition on 
interior surfaces, coagulation and other mechanisms. The deposition of particles can 
cause damage to interior surfaces, such as soiling (Nazaroff and Cass, 1987; Nazaroff and 
Cass, 1989a, 1991). The interaction of semi-volatile organic compounds (SVOCs) and 
particles can be triggered by thermophoresis and lead to discolouration of interior 
surfaces (Liu et al., 2003; Salthammer et al., 2011). Particle deposition is influenced by 
the area, material, roughness and temperature gradient of the interior surfaces (i.e. walls, 
ceiling, floor, and furniture) and the house configuration. Studies have shown that in 
indoor environments, the effects of other particle removal mechanisms such as nucleation, 
condensation and evaporation are not as significant (Jamriska and Morawska, 2003; Rim 
et al., 2016; Xiao et al., 2020), therefore, they are not considered in this work. 
Several studies have investigated residential infiltration efficiency and indoor particle 
loss rate via model simulations (Liu and Nazaroff, 2001, 2003; Tian et al., 2009) and via 
field measurement in one test house/apartment (Hussein et al., 2005a; Talbot et al., 2016; 
Hussein, 2017; Zhao and Stephens, 2017). Long et al. (2001) quantified the penetration 





particles were in the range of 0.6 – 1.0  and 0.1 – 0.5 h-1, respectively. Zhao and Stephens 
(2017) applied portable particle sizing instruments in an apartment in Chicago, and the 
mean penetration factors ranged from 0.4 to 0.7 for 10 – 1000 nm size particles. Overall, 
there is a lack of data on aerosol dynamic parameters in real-life homes in Europe.   
1.2.3 Indoor source emission rate 
In the interest of epidemiological analysis, as well as preventive health care, it is 
important to identify indoor sources, quantify their impact on personal exposure, and 
subsequently mitigate their impact. Former studies have reported that in the residential 
environment, indoor sources such as burning candles, cooking, open fireplaces, and 
smoking can dramatically increase the indoor PNC, especially of ultrafine particles 
(Wallace, 2006; Diapouli, 2011; Bekö et al., 2013; Lazaridis et al., 2017). In the literature, 
the quantification of the particle emission rates was performed sources in chambers or 
test rooms for several emission (e.g. Zai et al., 2006; Géhin et al., 2008; Buonanno et al., 
2009; Glytsos et al., 2010; Byeon and Kim, 2012; Knibbs et al., 2012; Torkmahalleh et 
al., 2012; Scungio et al., 2017). Few studies have quantified the PNC emission of indoor 
sources in real-life conditions (He et al., 2004; Hussein et al., 2005b; Hussein et al., 2006; 
Bhangar et al., 2011; Wallace and Ott, 2011; Isaxon et al., 2015; Wangchuk et al., 2017). 
Among them, only three studies have conducted measurements in multiple residences. 
He et al. (2004) estimated emission rates for 153 indoor sources in 14 occupied houses in 
Brisbane, result varied from 1.2 ×1013 h-1 to 2.4 ×1014 h-1. Bhangar et al. (2011) conducted 
measurements in California and quantified the emission rate of gas cooking for 
5.8×1011 h-1 and 1.6×1012 h-1 in two homes. Isaxon et al. (2015) measured in 22 homes in 
Sweden, the emission rate of 39 source events was between 9.6 ×1013 h-1 and 2.7×1014 h-1. 
In that study, however, the particle loss and penetration process indoors were not included 
in the calculation of the emission rate. There is a severe lack of knowledge on emission 
rates for European households. In general, the limited number of data and the wide range 
of results highlight the need for better representative data on the source emission rate in 






With the current state of knowledge, it is difficult to draw conclusions about the general 
significance of various factors or processes under real-life conditions. (Morawska et al., 
2017). Due to the complexity of the different processes that take place in indoor spaces, 
an analysis based on long-term measurements with detailed activity logs of residents 
would provide a better understanding. For estimating the indoor aerosol dynamic 
processes, the Single-Parameter Approach (SPA) and the Indoor Aerosol Model approach 
(IAM) are the two commonly used methods. Both approaches follow the material balance 
of indoor PNC. Nevertheless, no study has quantitatively compared these two approaches. 
Since the strength of indoor sources is strongly dependent on the habits of the residents 
and the material of products used, the question arises on how a better interpretation of the 











1.3 Particle exposure in the residential environment 
With a good knowledge of particle concentration level, aerosol dynamic processes, and 
the aid of the residents' activity log, the contribution of indoor and outdoor sources to 
particle exposure in homes under real-life conditions can be quantified. Bhangar et al. 
(2011) brought up the concept of daily-integrated exposure, which is an elegant way to 
quantify indoor exposure to fine particles (Morawska et al., 2013). The daily-integrated 
exposure to PNC is calculated by integrating the PNC over time and dividing by the 
number of measurement days (cm-3 h/day). In their study, the daily-integrated exposure 
in seven homes in California was estimated across all four seasons for a total of 26 days. 
The contribution from indoors was more than twice as high as that from outdoors in the 
observed homes. Mullen et al. (2011) estimated the daily-integrated exposure in two 
homes in Beijing during summer (4 - 6 days), whereas the contribution from outdoors 
was higher than indoors (by a factor of two). However, since both studies did not analyse 
the contribution of specific sources indoors and outdoors through penetration or 
ventilation, it is unclear which source led to the difference. Bekö et al. (2013) measured 
the indoor PNC in 56 Danish homes in the winter period (~45 h each). The estimated 
mean daily-integrated exposure is two times as high as in residencies both in California 
and Beijing. Overall, there is a gap of knowledge on residential particle exposure in 
central Europe. Furthermore, due to the width and length of the measurement data, the 
source-specific indoor and outdoor contributions to particle exposure and their seasonal 
variation have not been fully investigated. For a better understanding of indoor particle 
number exposure and source-specific contributions over different seasons, more 
comprehensive data is needed.  
 
1.4 Objectives 
The overarching objective of this thesis is to determine the indoor and outdoor particle 





of particle exposure in residential environments. Summarizing the mentioned topics 
above, this thesis can be divided into four main scientific questions: 
Q1: How can the quality of indoor and outdoor particle measurements in multiple 
households be assured, which comprise the comprehensive parameters and 
information?   
Q2:  What are the indoor and outdoor particle mass and number concentrations, their size 
distribution patterns, and the BC mass concentration in modern German homes? 
How do they change diurnally and seasonally? 
Q3: How do aerosol dynamic processes (including ventilation, outdoor penetration, 
particle loss and indoor emissions) affect indoor air quality and which theoretical 
method describes reality best?  
Q4: What is the level of particle exposure in German homes? How much do indoor and 
outdoor sources contribute to indoor particle exposure? Are there seasonal variations 
in their contribution share?   
To address these questions, an indoor-and-outdoor project was conducted over the course 
of two years where 40 German homes under real-life conditions were involved in this 
project. PM10, PM2.5, PM1 mass concentration, fine and ultrafine PNCs (NFP and NUFP, 
respectively), PNSD (100 nm – 800 nm), as well as equivalent black carbon (eBC) mass 
concentration were measured or determined. Based on the experience gained in 
laboratory and field measurements, for the first time, a standard was established for high-
quality indoor and outdoor particle measurement in multiple homes. With the support of 
the residents’ activity log, approximately 1000 source emission events were extracted and 
analysed. In order to obtain a robust estimate for the particle dynamic processes, two 
methodological approaches were applied and evaluated. Correction factors are offered to 
adjust the emission rates to more realistic values.  
This novel study provides more representative data on particle concentration levels and 





exposure in multiple dwellings under real-life conditions. For the first time, the two 
approaches for the calculation of the emission rates of indoor sources were quantitatively 
compared and evaluated. Results provide a better understanding of emission rates 
calculated via these approaches. The correction factors of emission rates make 
calculations derived from different levels of analysis mutually comparable. 
At the end of this introduction, the structure of this thesis is presented as follows. The 
measurement project and estimation approaches are described in Chapter 2. The results 
and discussions are presented in Chapter 3, Chapter 4, and Chapter 5. Chapter 6 
summarizes and concludes the key findings of this work, which answers the scientific 
questions formulated above. The practical implications of this work for future 











The indoor-and-outdoor measurement project was performed from December 2016 to 
March 2019 in two cities in Germany: Leipzig and Berlin. The key parameters of the 
measurements comprised PMC (PM10, PM2.5 and PM1), NFP, NUFP, and PNSD, eBC 
mass concentration, CO2 concentration, meteorological information, and the activity 
log of the residents. In this section, the measurement system, measurement protocol, as 
well as the estimation approaches of indoor dynamic processes (i.e. the SPA approach 
and IAM approach) are described in detail.  
 
2.1 Indoor-and-outdoor measurement program 
2.1.1 Measurement systems setup 
As illustrated in Figure 2-1, the indoor and outdoor systems involve the TROPOS-type 
mobility particle size spectrometer (MPSS) and optical particle size spectrometer 
(OPSS, Model 1.108, GRIMM) for measuring particle mass and number concentrations, 
and their size distributions. Additionally, a micro-aethalometer (Model AE51, 
AethLabs) and a CO2 sensor (Model GMP252, Vaisala) were employed in the indoor 
system.  
Indoor and outdoor systems were designed to be more suitable for residential use. Both 
systems had inlet heights at around 1.7 m. The outdoor system was equipped with a 
water and heat insulation cover and air conditioning unit to ensure that the instruments 
function properly even under extreme outdoor weather conditions. The air conditioning 
system included a heating and cooling effect that keeps the temperature between 22 and 
26°C inside the system enclosure. A Nafion dryer (30 cm long) was installed after the 
waterproof inlet of the outdoor system to ensure that the relative humidity (RH) of the 
airway is below 40%. The indoor system was modified to avoid hazards and nuisances. 
This includes the avoiding radioactive material as well as organic solvents which are 





2018). In addition, it is advocated to minimize the noise emerging from the equipment. 
Another aspect is portability - in order to be able to move the instrumentation easily 
from one dwelling to another and operational flexibility.  
 
Figure 2-1 Outdoor and indoor measurement systems. Both systems included a 
TROPOS-MPSS and an OPSS. To ensure the instruments function properly outdoors, 
the outdoor system was equipped with a water and heat insulation cover and air 






Optical Particle Size Spectrometer  
PMC of coarse particles (i.e. PM10 and PM2.5 in this work) was measured with an OPSS. 
The particles in the sample air are detected by light scattering inside the laser measuring 
chamber. The scattering light pulse of every single particle is afterwards counted and 
the intensity of its scattered light signal determines the particle size. This measuring 
principle is schematically shown in Figure 2-2. 
 
Mobility Particle Size Spectrometer  
The PNSD (Dp: 10 – 800 nm) was measured with a MPSS designed as described in 
Wiedensohler et al. (2012); (2018). Briefly, the TROPOS-type MPSS includes three 
major compartments: a bipolar diffusion charger, a differential mobility analyser 
(DMA), and a condensation particle counter (CPC). In the bipolar diffusion charger, 
positive and negative ions are continuously generated, thus the aerosol particles are 
brought to a bipolar charge equilibrium. In the DMA, the charged particles are separated 
according to their sizes. In the end, the particle number concentration of each size range 
is measured in the CPC. The complete closed-loop of MPSS is shown in Figure 2-3.  
In our outdoor system, the typical butanol-based CPC (Model 3010, TSI Inc.) was 
employed. As for the indoor system, a water-based CPC (Model 3787, TSI Inc.) was 
used to prevent residents from being exposed to butanol in the closed environment. The 
bipolar diffusion charger was custom-designed and contained a Ni63 nuclide. The decay 
activity was 95 MBq, which is within the free legal limit of 100 MBq, thus minimizing 







Figure 2-2 Operating principle of OPSS (GRIMM-Aerosol-Technik, 2010) 
 
 
Figure 2-3 Sketch of the recommended closed-loop mobility particle size spectrometer 






Additional instruments and parameters 
Micro-aethalometer: the indoor eBC mass concentration was measured by a micro-
aethalometer (AE51), which provide data in real-time. The operating principle is based 
on the attenuation of light caused by aerosol particles that are continuously collected on 
a filter. The BC concentration is then derived from the amount of light attenuated and 
the absorption coefficient for the wavelength of 880 nm.  
CO2 sensor: the indoor CO2 concentration was determined by a CO2 sensor using an 
infrared light source, which was utilized to estimate the ventilation rate.  
Activity log: during the measurements, the inhabitants were requested to log their 
activities (e.g. opening window(s), cooking, cleaning, and burning candle) on a digital 
notebook. A user-friendly program was developed that allows residents to easily log 
their activities and also allows us to access the "activity log" with activity time data 
later. The measurements were also accompanied by a questionnaire to document the 
information about the house, e.g. dimensions, configuration and surroundings.  
Ambient temperature: To capture the actual seasonal variation, temperature data were 
analysed. Temperature data of Leipzig and Berlin were collected by the TROPOS 
institute (Automatic weather station UNIKLIMA, 51°21’09.3” N 12°26’03.1” E) and 
the German Weather Service (Climate Data Centre, 52°27’13.3” N 13°18’06.1” E), 
respectively. The time series of daily temperatures during the measuring periods is 
shown in Figure 2-4, on the basis of which the cold, warm and transitional seasons were 
categorised. The cold seasons are completely in the heating period, the warm seasons 
are in the non-heating period, while the transition seasons are partly in the heating 
period. The change in ambient temperature directly influences residents’ ventilation 
behaviour, thereby also the indoor and outdoor relationship of aerosol particles (Zhao 







Figure 2-4 Time series for the daily ambient temperature in Leipzig (from December 
2016 to December 2017), and in Berlin (from January 2018 to March 2019). Blue, green 
and red solid lines mark the cold, transition and warm seasons, respectively. The grey 
shaded areas are the measurement periods. n is the number of measurement days (Zhao 
et al., 2019). 
 
2.1.2 Measurement sites 
40 non-smoking homes were selected from the volunteers in Leipzig and Berlin. Each 
home was investigated twice in different seasons. The measurement periods of the 20 
homes in Leipzig (L1 to L20 in Table 2-1) were: during December 2016 – March 2017 
(a minimum of three days each) and during April 2017 – December 2017 (a minimum 
of seven days each; home L10 did not participate the second round). The measurement 
periods of the 20 homes in Berlin (B1 to B20 in Table 2-1) were: January 2018 – July 
2018 (a minimum of seven days each) and September 2018 – March 2019 (a minimum 
of seven days each). However, due to instruments failures, there are a few days’ 
measurement data missing. The characteristics of the homes and periods with data in 
each home are listed in Table 2-1. The description of measurement sites is taken from 








































































3 120 urban separate 18 24 0.11 1.7 
L12 apartment 2 57 suburban separate 10 36 0.15 1.7 
L13 apartment 5 120 urban separate 13 37 0.08 1.9 
L14 apartment 4 139 urban open 7 43 0.20 1.2 
L15 apartment 1 65 urban open 9 12 0.13 1.2 
L16 apartment 2 86 suburban separate 3 34 0.10 1.6 
L17 apartment 1 76 suburban separate 11 12 0.08 1.7 
L18 apartment 1 70 urban separate 10 19 0.07 1.9 
L19 apartment 3 81 suburban separate 10 20 0.12 1.7 
























































2 150 urban separate 14 26 0.12 1.6 
B13 apartment 5 150 suburban separate 14 26 0.13 1.3 
B14 apartment 2 120 suburban open 14 43 0.14 1.4 
B15 apartment 4 100 urban separate 14 34 0.09 1.7 
B16 apartment 4 116 urban separate 14 14 0.08 1.4 
B17 apartment 2 66 rural separate 12 28 0.09 1.4 




14 27 0.10 1.3 
B19 apartment 1 92 urban open 14 18 0.11 1.3 
B20 apartment 4 130 urban separate 14 18 0.10 1.4 
Notes: a A/V: the surface area to volume ratio of the measurement room; b 𝑢: best-fit 





In order to take variations in outdoor pollution levels into account, the homes were 
selected to be located in urban, suburban and rural areas. In this study, these areas were 
defined by population density. Population density data of Leipzig is from “Leipzig-
Informationsystem” (LIS), the corresponding ranges for urban, suburban and rural area 
are > 3,000 km-2, 800 – 3,000 km-2, and < 800 km-2, respectively. The 20 homes were 
located throughout Leipzig, in which, six homes were in the urban area, six homes were 
in the suburban area, and eight homes were in the rural area (see Figure 2-5, left). 
Population density data of Berlin is from “statistik-berlin-brandenburg”, the 
corresponding ranges for urban, suburban and rural area are > 3,000 km-2, 1000 – 3,000 
km-2, and < 1000 km-2, respectively. In the 20 homes in Berlin, seven homes were 
located in the urban area, seven in the suburban area, and six in the rural area (see Figure 
2-5, right).  
 
 
Figure 2-5 Locations of investigated homes in Leipzig and Berlin. Urban, suburban and 






Half of the homes were located within 150 meters of relatively busy roads, allowing us 
to assess the impact of differences in traffic emissions. All homes were typical German-
style (solid brickwork), equipped with double-glazed windows and naturally ventilated 
(i.e. by opening a window or terrace/balcony door), except for the homes L6, B4, B6, 
and B9 which were equipped with a mechanical ventilation system. In general, 
mechanical systems and air conditioners are very rare in German homes due to 
meteorological conditions and cultural preferences. In wintertime, all homes were 
heated by a centralized heating system (radiator or underfloor heating). Thirteen among 
them had the additional option to be heated by a closed fireplace (burning wood). Two 
of the homes were equipped with a gas cooking stove while all other homes were 
equipped with an electric cooking stove, which is very common nowadays in Germany. 
As for the interior building design and residents, the selected homes represent a variety 
of indoor environments - in terms of numbers of inhabitants, size of the living area, age 
of the inhabitants, and function (e.g. single apartment, family house, etc.). 16 of 40 
homes were also occupied by children/teenagers. The corresponding information of 
each home is listed in Appendix-I. 
The indoor aerosol sampling took place in the living room/dining room, where people 
mainly spent their time. Outdoor aerosol sampling took place either on the balcony, 
terrace or in connected yard/garden.  
 
2.1.3 Measurement protocol 
A measurement concept was designed to obtain statistically more representative data 
on indoor and outdoor particle number and mass concentrations, as well as the PNSD 
of fine and ultrafine particles with high quality in multiple private homes in the long 
term. The text and figures of this section are taken from my paper Zhao et al. (2018). 
The typical logistics of such field measurements consist of transporting the instruments 





activity logbook and setting up internet access to both instruments for the purpose of 
remote monitoring and maintenance. The measurement cycle is illustrated in Figure 2-6.   
Each MPSS instrument is running under control of a custom-made data acquisition 
program (LabVIEW Version 2015, National Instruments). The program shows the 
instrument’s status parameters (e.g. temperature, relative humidity, error code) and time 
series of preliminary measurement results. After installation of the instruments, a zero 
check (total particle filter connected to the inlet) and a flow check for the whole system 
ensure that the system has no leaks and all the air pumps are working correctly. When 
the PNSD plot of the MPSS program shows outliers, the high voltage checking and 
calibration of DMA is also necessary.  
To be able to interpret the indoor measurement and to minimize the effort of the 
residents, a digital active logbook was developed as shown in Figure 2-7. The logbook 
covers most of the common activities in German homes, including different types of 
ventilating, cooking, cleaning, and other activities. Participants only need to click on 
the button of a specific activity to turn it on or off, and the activity and its start and end 
time are logged in the data file. 
In order to obtain more statistically significant measurement data, measurements should 
be continuous and last for several days. At the same time, during the measurement in 
the household, the staffs of the research group should be absent to avoid the 
disturbances on the residents’ normal life. It is however necessary to be able to remotely 
check and control measurements. Therefore, a remote control software (e.g. 
TeamViewer) was installed on each PC. Through an internet connection, the scientific 
staffs can easily obtain access to the PC (Figure 2-8) at any time and perform 


















Figure 2-8 Example of a remote control observation showing the PC interface of the 
indoor system. 
 
2.1.4 Quality assurance 
The description and figures of quality assurance of indoor and outdoor instruments are 
directly taken from the main manuscript and supplementary of Zhao et al. (2019). The 
indoor and outdoor OPSS were inter-compared in the laboratory regularly (as shown in 
Figure 2-6). The indoor and outdoor MPSS were routinely checked against reference 
instruments at the calibration centre facilities at TROPOS.  
Optical particle size spectrometers 
Examples of inter-comparison of two OPSS are shown in Figure 2-9 and Figure 2-10. 
Indoor and outdoor OPSS were within ±10% target uncertainty when compared to each 
other. The R2 of linear regressions between the PM10, PM2.5, and PM1 mass 






Figure 2-9 OPSS inter-comparison: The time series of the PM10, PM2.5, and PM1 of the 
indoor and outdoor OPSS after calibration. 
 
 
Figure 2-10 OPSS inter-comparison: Linear regression between the PM10, PM2.5, and 
PM1 mass concentrations of the indoor and outdoor OPSS after calibration. (Legend at 






Mobility particle size spectrometers 
The indoor and outdoor mobility particle size spectrometers (MPSS) were inter-
compared and calibrated against a reference MPSS at the World Calibration Centre for 
Aerosol Physics (WCCAP). The indoor MPSS, outdoor MPSS, and the WCCAP 
Reference MPSS measured the PNSD of the ambient aerosol simultaneously. 
Furthermore, the CPCs were calibrated against a Faraday Cup Aerosol Electrometer 
(FCAE). As an example, the following are the results of one day’s comparison after 
calibration. 
The mean PNCs (integrated over whole size range: mobility diameter 10 – 800 nm) of 
indoor and outdoor MPSS were within a ±10% target uncertainty compared to those of 
the reference MPSS and reference CPC (see Figure 2-11). At the same time, the PNCs 
of indoor and outdoor MPSS had a close linear relationship with reference CPC (R2 ≥ 
99%, see Figure 2-12). The calibration procedures and target uncertainties are described 
in more detail in Wiedensohler et al. (2018).  
The mean PNSDs of the indoor and outdoor MPSS were within the target uncertainty 
of ±10% over 10 nm to 800 nm size range against the reference MPSS (see Figure 2-13). 
The PNSDs were calculated using the inversion routine described in Pfeifer et al. (2014) 
and corrected for internal losses using the method of equivalent length in Wiedensohler 








Figure 2-11 MPSS comparison: The time series of the PNC (10 – 800 nm) of the indoor, 
outdoor, reference MPSS and reference CPC after calibration. 
 
 
Figure 2-12 MPSS comparison: Linear regression between the particle number 
concentrations of the indoor and outdoor MPSS, and Reference CPC after calibration. 








Figure 2-13 MPSS comparison: The mean PNSD of the indoor, outdoor, and reference 
MPSS after calibration.  
 
2.1.5 Data analysis 
This section is directly taken from Zhao et al. (2019). The MPSS, the OPSS, and the 
Micro-aethalometer data were measured with a time resolution of 5 minutes. The 5-
minute concentration data were used to analyze the temporal and seasonal variability of 
measured parameters, as well as to calculate the factors that affect the indoor and 
outdoor relationship. Hourly averaged concentrations were used to compute the 
summary statistics of different parameters. The statistical data analysis included 
arithmetic mean concentrations, standard deviations (SD), median, 25th and 75th 
percentile. The Wilcoxon signed-rank test was carried out to analyse the relationship 
between indoor and outdoor particle number and mass concentration (non-normal 
distributed) using RStudio (Package stats version 3.3.2). Unless stated otherwise, the 
boxplot in this work shows the median, 25th and 75th percentile, the whiskers are 5th and 
95th percentile. 
Due to the lower size detection limit of the Grimm OPSS (approximately 0.3 µm optical 
diameter), the mass concentration for fine particles (PM1[Grimm]) might be generally 





PMSD, and from this the PM1[PNSD]  mass concentration (assuming particle density 1.5 
g cm-3) (Pitz et al., 2003). Note that the upper limit of PNSD is at 800 nm mobility 
diameter, which is approximately 1 µm aerodynamic diameter (assuming particles are 
spherical). In this study, the PM1[Grimm] concentrations were on average only 54% and 
65% of PM1[PNSD] concentrations for indoor and outdoor, respectively.  
Therefore, the PM1 in the following sections only represent PM1[PNSD]. Additionally, the 
coarse mode particle mass concentrations determined in this study are reported as PM1-
2.5 and PM2.5-10. The final PM2.5 and PM10 mass concentrations used here were thus 
determined by subtracting the PM1[Grimm] and adding the PM1[PNSD] mass concentrations. 
The calculations of these parameters are summarized below: 
PM1 =  PM1[PNSD] 
PM1−2.5 =  PM2.5[Grimm] − PM1[Grimm] 
PM2.5−10 =  PM10[Grimm] − PM2.5[Grimm] 
PM2.5 = PM1[PNSD] + PM1−2.5 
PM10 =  PM2.5 + PM2.5−10 
In section 4.1, the highly size-resolved PNSD data (71 bins in origin) measured by the 
MPSS were grouped into seven particle size fractions (in mobility diameter): 10 – 20, 
20 – 30, 30 – 50, 50 – 100, 100 – 200, 200 – 500, 500 – 800 nm. These size ranges were 
chosen so that the large PNSD data set could be summarized for ultrafine particles (four 
size ranges from 10 to 100 nm) and accumulation-mode particles (three size ranges from 
100 to 800 nm), and at the same time, that the variation trend of PNSD could still be 
observed.  
 
2.2 Determining aerosol dynamic processes 
The single-parameter approach (SPA) and Indoor Aerosol Model (IAM) approach are 
the commonly used estimation approaches of indoor dynamic processes. In this section, 





The content of the section is essentially taken from Zhao et al. (2020), with the 
exception of the description of the ventilation rate, which was taken from Zhao et al. 
(2019). Few sentences have been modified to effectively merge the information from 
my two publications. 
Assuming well-mixed air inside a room, the indoor particle dynamics were often 
described by material balance equations (Nazaroff and Cass, 1989b; Hussein and 
Kulmala, 2008; Bhangar et al., 2011). Accordingly, the change of an indoor PNC (I) 






 + 𝑃𝜆𝑂 − (𝜆 + 𝜆𝑑)𝐼 − 𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛                             (1) 
with 𝐸 being the source emission rate (h-1), 𝑉 the volume of the room, 𝑃 the building 
penetration factor, 𝜆 the ventilation rate (h-1), 𝑂 the outdoor PNC, 𝜆𝑑 the deposition 
rate (h-1) on indoor surfaces, and 𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 the coagulation loss term. 
𝐸
𝑉
 is the indoor 
source strength (S in cm-3 h-1).  
There are two numerical approaches to solve Eq. (1) for the unknown parameters 𝑃, 𝜆𝑑,  
𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛, and 𝐸. The assumptions and calculation structures are summarized in the 
following subsections.  
 
2.2.1 Single-parameter approach (SPA) 
The SPA approach allows for rapid screening of experimental (i.e. measured) time 
series from different homes. In this approach, 𝑃, 𝜆, and 𝜆𝑑 are considered constant for 
a room under study. To simplify calculations, particle resuspension and coagulation are 
assumed to be neglectable.  
During steady-state, the indoor PNC change rate is close to zero (i.e. 
𝑑𝐼
𝑑𝑡
 ≈ 0). When no 
indoor source is active (i.e. 
𝐸
𝑉












All observed decay in PNC is ascribed to the particle loss rate (𝜆 + 𝜆𝑑) , which is 
quantified as the negative slope in the logarithm of indoor PNC as a function of time: 






                         (3) 
where 𝑡2 − 𝑡1  is the period right after a strong indoor source, 𝐼𝑡1  and 𝐼𝑡2  are the 
corresponding indoor PNC at that time.  
The ventilation rate 𝜆 was calculated on the basis of experimental CO2 data using the 
decay method (Mahyuddin and Awbi, 2012; Alves et al., 2013; Turanjanin et al., 2014; 
Persily, 2016). When people stay indoors, CO2 concentration increases from exhalation. 
Considering that residents stay at least overnight indoor, indoor CO2 accumulates and 
the concentration exceeds outdoors over a certain period. At time 𝑡0 when people have 
left the house, i.e. there is no more CO2 source, indoor CO2 concentration starts to 
decrease due to ventilation. With the assumption that indoor air was well mixed, 
ventilation rate can be yielded as 






)                              (4) 
Where 𝐶0 is the indoor CO2 concentration at the time 𝑡0, and correspondingly, 𝐶 is the 
indoor CO2 concentration at time 𝑡. 𝐶𝑜𝑢𝑡 is the outdoor CO2 concentration, which was 
assumed to be constant around 400 ppm, which is the current background CO2 
concentration in ambient air. The sensitivity of the ventilation rate to the seasonal 
variation of background CO2 level is negligible (See Appendix-II.a). 
With the quantified 𝑃, 𝜆, and (𝜆 + 𝜆𝑑), 𝐸 can thus be solved based on Eq. (1). In some 
studies, e.g. Wallace and Ott (2011) and Isaxon et al. (2015), this approach was further 












To facilitate comparison of these two methods under this approach, emission rates are 
defined as 𝐸𝑆𝑃𝐴+ and 𝐸𝑆𝑃𝐴 for including and excluding dynamic processes [𝑃, 𝜆, and 
(𝜆 + 𝜆𝑑)], respectively.  
In this work, the detection limit for a “source” is 𝐼𝑡 + 2 × 𝑠𝑑𝑡, where 𝐼𝑡 is the mean 
indoor PNC during one hour from time 𝑡 , 𝑠𝑑𝑡  is the standard deviation of the 
corresponding period.  
 
2.2.2 Indoor Aerosol Model approach (IAM) 
The estimates of the particle emission rates and the building penetration factor are 
expected to be more accurate when all terms in Eq. (1) are considered. In this work, the 
single-compartment form of the IAM developed by Hussein et al. (2005b); (2015) was 
applied, incorporating ventilation, particle infiltration, and penetration from outdoors, 
as well as deposition and coagulation indoors. This approach combines IAM 
simulations with experimental time series of indoor and outdoor aerosol parameters, 
which proved to be an effective method to estimate particle number (Hussein et al., 
2015). 
The model uses the measured outdoor PNC and geometric mean diameter (GMD) of 
the experimental indoor PNSD as a time-dependent input. Indoor GMD is the essential 
parameter that controls particle size-dependent aerosol dynamics. From this, the model 
computes the time-dependent particle deposition coefficient 𝜆𝑑 , and the coagulation 
coefficient 𝐾  (cm3 s-1). The ventilation rate 𝜆 , and the building shell penetration 
factor 𝑃 serve as additional input parameters that are optimized in an interactive process. 
Our approach retains the information on the evolution of the PNSD, while representing 
a concession to reduce the complexity of numerical procedures and computation times. 
In this version of IAM, the particle deposition rate 𝜆𝑑 was computed as: 
𝜆𝑑 =  ∑
𝐴𝑖
𝑉





Where 𝑣𝑑,𝑖 (m s
-1) are the deposition velocities of aerosol particles onto the various 
indoor surfaces (i.e. floor, ceiling, and walls) with an area 𝐴𝑖. The surface/volume ratio 
(A/V) of our 40 homes are listed in Table 2-1. The 𝑣𝑑,𝑖 were computed by using the 
model developed by Lai and Nazaroff (2000) the estimated friction velocity (u) near 
indoor surfaces, and the experimental indoor GMD as input variables.  
For coagulation, Brownian diffusion was considered as the dominating process for 
submicrometer particles. The coagulation rate 𝐾  was calculated based on Fuchs’s 
theory (Fuchs et al., 1965) in the transition and free molecular regime (Seinfeld and 
Pandis, 2016). In our quasi-monodisperse formulation 𝐾 is a direct function of GMD 
(see Appendix-VII), the coagulation rate between two particles being     
𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐾𝐼
2                           (7) 
 
2.2.3 Interactive tuning with IAM 
For the IAM simulations, the air exchange rate λ and the penetration factor P were tuned 
so that simulated and experimental indoor PNC (𝐼 and 𝐼𝑠𝑖𝑚, respectively) were brought 
to an agreement. The tuning was performed manually, and interactively on a grid as fine 
as 5 min time resolution, starting with the estimates of 𝜆 and 𝑃 obtained by the SPA 
approach described in section 2.2.1.  
Optimum values of 𝜆 , 𝑃, 𝜆𝑑, and K, 𝐼 and 𝐼𝑠𝑖𝑚 were matched for periods without an 
apparent influence of indoor sources. During periods of indoor source events, 𝜆 and 𝑃 
were assumed to be the same as before the event; deviations between 𝐼 and 𝐼𝑠𝑖𝑚 were 
attributed to the source emissions as follows: 
𝑑(𝐼−𝐼𝑠𝑖𝑚)
𝑑𝑡





                      (8) 
The emission rate (𝐸𝐼𝐴𝑀 ) was then determined by Eq. (7). In some cases, 𝜆 and 𝑃 
needed to be tuned again after a source event, so that the decay pattern of 𝐼𝑠𝑖𝑚 would 
match that of 𝐼. 




3 Particle Concentrations and Size Distributions in 
Residences 
In this chapter, the typical particle mass and number concentration levels and their size 
distributions in our 40 investigated German households are presented and discussed. The 
daily and seasonal variation patterns of particle concentrations were captured through the 
analysis of measurement data from more than two years. This chapter also provides an 
overview of activity frequency, signature PNSD, PMSD, and eBC of indoor sources in 
our measured homes. Part of the text, tables and figures in sections 3.1 and 3.2 are taken 
from Zhao et al. (2019), and part of the text, tables and figures in section 3.3 are taken 
from Zhao et al. (2020). 
 
3.1 Overall indoor and outdoor particle concentrations  
Indoor and outdoor particle mass and number concentrations, eBC mass concentration, 
as well as CO2 concentrations, were measured for around 8500 to 11500 hours in total. 
Numerical measurement statistics are listed in Table 3-1 and shown graphically in Figure 
3-1. The overall mean indoor and outdoor PM10 were 25 μg m
-3 and 18 μg m-3, 
respectively, which is comparable to the mean concentrations in Birmingham (around 26 
μg m-3  for indoor and 20 μg m-3 for outdoor) reported by Jones et al. (2000), and much 
lower than in Portugal (around 71 μg m-3  for indoor and 54 μg m-3 for outdoor) reported 
by Custódio et al. (2014). Our PM2.5 concentration is also comparable to the 
concentrations (median values around 10 μg m-3 for both indoor and outdoor) reported in 
two studies in Sweden by Molnár et al. (2005); (2007).  
The median indoor coarse particle number concentration was roughly two times as high 
as the outdoors. It is interesting to notice that, the median values of indoor PM2.5-10 mass 
concentrations were significantly higher than those of outdoors (3.9 μg m-3 and 1.1 μg m-3, 
respectively; p-value << 0.05). The PM2.5-10 mass concentrations showed similar trends 
inside 32 homes out of 40 (see Figure 3-2, some of the 5th percentile whiskers in the 




boxplot of PM2.5-10 mass concentrations are missing because of the corresponding 
concentrations are lower than 0.1 μg m-3). However, the median indoor and outdoor 
PM1-2.5 mass concentration and its variability were rather similar (overall median values 
were 1.4 μg m-3 and 1.5 μg m-3, respectively; p-value = 0.053). In twelve of the homes, 
the indoor PM1-2.5 mass concentrations were significantly higher than those outdoors (see 
Figure 3-2). The median I/O ratio of the PM2.5-10 and PM1-2.5 mass concentration were 
2.75 and 1, respectively. Indoors, the PM1-2.5 was significantly lower than PM2.5-10 mass 
concentration, indicating the reduced contribution of indoor dust sources to this size range.  
For submicrometer particles, the overall median PNC outdoors was generally higher than 
those indoors (see Table 3-1). This contrasts with the results of the overview study of 
Morawska et al. (2017). This is due to indoor sources’ instantaneous strong contribution 
to the indoor PNC. To better represent the most common state in these homes, median 
indoor and outdoor PNC was used.   
 
Table 3-1 Hourly average statistics of indoor and outdoor particle concentrations, eBC 








Min 0.25 0.50 0.75 Max 
Indoor PM10 (μg m-3) 8969 25.31 41.28 
0.99 
0.80 8.68 16.13 28.97 1474.99 
Outdoor PM10 (μg m-3) 8510 18.05 16.06 0.82 8.61 13.7 22.28 418.92 
Indoor PM2.5 (μg m-3) 8969 13.47 26.57 
0.76 
0.7 5.52 9.3 14.83 1278.74 
Outdoor PM2.5 (μg m-3) 8510 16.06 15.13 0.64 6.96 11.45 20.16 418.31 
Indoor PM1 (μg m-3) 10564 10.44 27.97 
0.69 
0.35 3.91 6.99 11.73 2174.79 
Outdoor PM1 (μg m-3) 11296 13.41 13.07 0.47 5.08 9.79 17.78 415.53 
Indoor NFP (cm-3) 10564 9498 24002 
0.69 
680 2386 4108 7553 649264 
Outdoor NFP (cm-3) 11296 7219 5762 1480 3789 6015 8909 177777 
Indoor NUFP (cm-3) 10564 8634 23326 
0.65 
506 1823 3378 6654 641983 
Outdoor NUFP (cm-3) 11296 6203 5474 1096 3069 4928 7619 176643 
Indoor eBC (μg m-3) 11622 0.58 0.88 / 0.05 0.23 0.40 0.72 85.38 
Indoor CO2 (ppm) 11024 749 285 / 385 547 671 863 2853 
Note: a Measurement data were collected every five minutes, the table here shows the 
statistics of hourly average concentration.  




The difference between the 1st and 99th percentile of the indoor PNC was around one 
order of magnitude higher than that of outdoors (see boxplots’ whiskers in Figure 3-1); 
although this was not observed for PM1. The indoor and outdoor NFP by each home shows 
similar trends in 33 of 40 homes (see Figure 3-2). NUFP values were on average 83% and 
82% of NFP for indoors and outdoors, respectively. This indicates that UFPs make up the 
majority of the number population of particles indoors and outdoors. 
 
 
Figure 3-1 Overall statistics of PM2.5-10, PM1-2.5, and PM1 mass concentrations, NFP and 
NUFP. Whiskers are 1
st and 99th percentiles. 





Figure 3-2 Indoor and outdoor PM2.5-10 and PM1-2.5 mass concentrations, NFP by each 
home. 




Indoor eBC accounted for only a small fraction of the indoor particle mass concentration 
(~6%), with a median concentration of 0.40 μg m-3. Some studies in US households 
reported comparable indoor eBC levels to ours (0.49 μg m-3 and 0.28 μg m-3 in the studies 
by Baxter et al. (2007) and Isiugo et al. (2019), respectively). Indoor eBC level in real-
life European households was seldom reported. Isaxon et al. (2015) showed a one-week 
measurement of indoor eBC in Sweden, with the concentration varying from 0.03 μg m-3 
to 0.80 μg m-3.  
According to the long-term observation in German Ultrafine Aerosol Network (GUAN), 
the median outdoor eBC in the urban background in Germany is about 0.9 μg m-3 (Sun et 
al., 2019), which is more than twice the indoor concentration in our investigated homes. 
Nevertheless, the indoor eBC concentration shows great variation: from the minimum of 
0.05 μg m-3 to the 75th percentile of the eBC concentration that is still below 1 μg m-3, 
while the maximum is 85.38 μg m-3, which suggest a strong contribution from indoor 
combustion sources to BC.  
 
3.2 Diurnal and seasonal variation 
3.2.1 Diurnal cycles of particle mass and number concentrations 
During the residents’ active time (06:00–24:00), there was a strong variation in the diurnal 
cycle of indoor coarse PMC (PM2.5-10 and PM1-2.5) in the cold season (Figure 3-3). During 
night time, indoor coarse PMC decreased significantly so that they become gradually 
lower than the corresponding outdoors, and eventually reach a value close to zero. 
Furthermore, the time when the PMC of indoor coarse particles started to increase is 
earlier than the starting time of the indoor sources recorded by the residents, indicating 
that the indoor coarse particles were associated with the resuspension caused by the 
occupants' movement (e.g. by walking and sweeping the floor). The effect was more 
pronounced for PM2.5-10 than for PM1-2.5. During the period when people were asleep, 
indoor coarse PMC decreased due to sedimentation and less infiltration.     





Figure 3-3 Diurnal cycle of the indoor and outdoor PM2.5-10, PM1-2.5, PM1, NFP, NUFP and 
Ndif in the cold and warm seasons. 
 
The PMC of PM2.5-10, PM1-2.5 and PM1 showed similar trends in the cold and warm season. 
Nevertheless, PM2.5-10 was lower in the warm season and shows a stronger decrease 
during the active period than in the cold season. One reason is the enhanced ventilation 




during the warm season. On the other hand, indoor heating not only increases the air 
turbulence but also decreases the indoor relative humidity during the cold season (see 
Appendix-III) and both factors increase particle resuspension (Mukai et al., 2009; Zheng 
et al., 2019). In both cold season and warm season, there is a significant delineation 
between indoor and outdoor coarse PMC, especially in the 2.5-10 µm particle range. In 
order to obtain correct exposure measures, indoor PMC measurements for coarse particles 
will be required.  
For submicrometer particles, median outdoor PMC and PNC are higher than indoors at 
any time in the diurnal cycle. The trends of indoor and outdoor NFP and NUFP in the diurnal 
cycles are very similar.  
In the cold season, clear peaks can be observed at rush hours in the diurnal cycle of 
median outdoor PNC. The wave pattern of indoor median PNC follows that of outdoors 
with a time lag of around one hour, suggesting that the outdoor source played an important 
role in altering indoor air. However, the 75th percentile of indoor PNC shows strong peaks 
around 8:00, 12:00 and 19:00, which are the typical times of breakfast, lunch, and dinner, 
two of them (around 12:00 and 19:00) even exceeded outdoors. This suggests that indoor 
sources also had a strong contribution to the indoor air PNC. One evidence is that the 
peak time of indoor activity frequency matches those of the 75th percentile of indoor PNC 
(see Figure 3-5). Another evidence is that during the weekday, when people have to go to 
work, indoor PNC was much lower than on weekends (and holidays) when people do 
more activities at home (see Figure 3-4). 
On the other hand, the diurnal cycle of accumulation mode particles (i.e. Ndif, the 
differences between NFP and NUFP, see Figure 3-3) was very stable. There was neither a 
significant sinking in the night time nor a notable increasing in the active time. This 
indicates that ultrafine particles not only made up the majority of the number population 
of indoor fine particles but also potentially dominated the variation of indoor PNC.    
Indoor NFP and NUFP show less significant peaks in warm seasons than in the cold season. 
This reflects the influence of changing ventilation habits of the residents. In cold and 
transition seasons, ventilation duration was shorter, meaning that particles produced 




indoors remain longer inside. On the other hand, due to the longer duration of enhanced 
ventilation in the warm season, the indoor air was more frequently mixed with air from 
outside. Therefore, the indoor NFP, NUFP, and Ndif in the warm season were more stable 
and closer to the outdoor concentrations. In the warm season, outdoor sources dominated 
the variation of the diurnal cycle of indoor fine particles.  It is necessary to acknowledge 
that the measured outdoor PNC could be affected in houses where the outdoor 
measurement system was close to windows, especially during the warm season.  
Diurnal cycles in transition season are not discussed independently for seasonal variation, 
because the ventilation rates and frequency, as well as the patterns of diurnal cycles in 
the transition season, lay between cold season and warm seasons (diurnal cycles in 
transition season see Appendix-IV).  
 
 
Figure 3-4 Diurnal cycle of the indoor and outdoor NFP in weekday and weekend (and 
holiday). 





Figure 3-5  Distribution of indoor activities as a function of the start time. 
 
3.2.2 Diurnal cycles of indoor eBC mass concentrations 
The median indoor eBC varied from 0.20 μg m-3 to 0.45 μg m-3 in the diurnal cycle (see 
Figure 3-6). The pattern of variation is more similar to that of indoor PM1 than outdoors 
PM1 (the correlations of median indoor eBC with indoor PM1 and outdoor PM1 are 0.92 
and 0.61, respectively). Similar to indoor particle concentration, distinct peaks in the 
diurnal variation of indoor eBC concentrations can be observed around 08:00 and 20:00, 
indicating that indoor sources dominate the variation of indoor eBC concentrations within 
the day.   
There were clear seasonal differences in the diurnal cycles of indoor eBC. The median 
indoor eBC was higher in the cold season than in the warm season at all times of the day 
(see Figure 3-7). One reason could be that in Germany, outdoor eBC, in general, is higher 
in the cold season than in the warm season (Sun et al., 2019). However, interestingly, the 
eBC concentrations for the 08:00 peaks were all around 0.50 μg m-3 in both seasons, while 
for the 20:00 peaks, the eBC concentration was twice as high in the cold season as in the 
warm season. As shown in Figure 3-5, the maximum activity frequency of opening 
windows was around 08:00, suggesting that the 20:00 peak of indoor eBC in the cold 
season was not caused by outdoor traffic. LaRosa et al. (2002) conducted the eBC 




measurement in a house in the USA and found a similar pattern in the seasonal variation 
of the eBC diurnal cycle. The authors of that study concluded that the evening increases 
in BC concentrations in autumn and winter were mainly due to wood burning.  
 
 
Figure 3-6 Diurnal cycle of the median indoor eBC, indoor PM1 and outdoor PM1. 
 
 
Figure 3-7 Diurnal cycle of the indoor eBC in cold and warm seasons. 
 




3.2.3 Particle number and mass size distributions  
Outdoor median PMC and PNC for the entire size range were all higher than indoors (see 
Figure 3-8). In the cold season, the indoor PNC was much lower, and the indoor PNSD 
showed different patterns than outdoors – with much lower UFP concentrations. While 
in the warm season, the indoor and outdoor PNSD patterns were very similar, especially 
during the active time (due to the longer periods of ventilation using the windows). The 
values of median indoor NFP in the active time were 1.6 and 1.2 times as high as during 
night time for the cold and warm seasons, respectively. Indoors, the increases of median 
PNC for the 10 – 100 nm size range were notably higher than for 100 – 800 nm (106.3 
and 43.6 times as high as in cold and warm seasons, respectively). This emphasizes the 
strong contribution of indoor sources to UFP. Overall, this suggests that in the cold season, 
indoor particles’ composition was much different compared to outdoors.  
Similar seasonal variation trends as in PNSD can be observed in the PMSD. However, 
the indoor and outdoor NFP in the cold season were lower than those in the warm season, 
while the indoor and outdoor PM1 in the cold season were higher than those in the warm 
season. This indicates that there were more accumulation mode particles in the air during 
the cold season than in the warm season, an effect which is linked to the annual cycle of 
outdoor concentrations in the East German region (Sun et al., 2019). 
The median outdoor particle concentrations exceeded those indoors at all times of day, 
for all size ranges, especially below 500 nm, regardless of season, suggesting that outdoor 
infiltration increased the indoor PNC of the fine particle. Therefore, the size-resolved 
efficiency of this process is evaluated and discussed in the following sections. 





Figure 3-8 Boxplots of PNSDs and PMSDs during night time and active time in the cold 
and warm seasons. 




3.3 Indoor activities in investigated homes 
3.3.1 Classification of residential indoor activities 
During the two-year measurement project, more than 1100 activity events by residents 
were identified. Around 900 of these could be classified according to the residents' 
electronic activity log (see Table 3-2). The most frequent single activities included 
opening the window(s), baking, frying, toasting, other cooking activities (e.g. boiling, 
heating food, stewing), candle burning, use of a fireplace, vacuum cleaning. In real-life 
conditions, inhabitants often perform several activities at the same time, such as opening 
the window while cooking. Such cases are categorized as “mixed” activities. Some 
activities were seldom recorded, e.g. children playing, ironing, doing the laundry, and 
mopping was summarized among "others". Significant peaks in the indoor PNC time 
series that had no corresponding entry in the activity log were categorized as "unknown".  
In and around the time of the classified activities, peaks can be observed in the time series 
of indoor PNC, indicating these activities were emission sources of particles. However, 
there are about five examples from “other cooking”, where no noticeable increase in PNC 
was observed. Our hypothesis is that these "cooking" events were not particle sources, 
e.g. boiling water on a clean stove. Since they did not contribute to indoor PNC, these 
events are not included in our analysis of particle number emission rates.  
During an activity, peak-time is defined as the time when the indoor PNC reaches the 
peak value. In most cases, the increase in indoor PNC stopped as soon as the indoor source 
had stopped, so the peak-time was also when the activity ended. However, for many cases 
of fireplace use (wood stove), there was only one distinct peak in the time series of indoor 
PNC at the beginning of each activity (see Appendix-V.a). This indicates there was 
particle emission during flame ignition. Once the door of the stove was closed, the 
chimney usually worked well enough to deliver smoke particles outside. Since our focus 
is on the contribution to indoor particle exposure, peak-time is treated as the source end 
time in such cases. 




Table 3-2. Summary of main indoor activities. GMD describes the mean geometric mean 
diameter of the PNSD observed at event peak time.  
Main activities n 
Mean duration†  
(minutes) 
Mean GMD (nm) Mean PNC‡ (cm-3) 
Open window 339 38 34 9361 
Bake 81 40 30 60758 
Fry 91 25 33 34188 
Toast 56 33 25 19623 
Other cooking 117 36 31 12805 
Candle 92 33 20 109729 
Fireplace 27 30 41 23702 
Vacuum cleaning 28 27 26 11437 
Mixed 78 42 27 31821 
Others 33 25 34 10447 
Unknown 208 26 29 26559 
Note: † The duration here is the time from the beginning of each source event to the time 
when indoor PNC reaches maximum. ‡ PNC: particle number concentration.  
 
Figure 3-9 a) Mean duration of indoor source activities identified per day in each home 
(minutes/day), and b) aggregate mean durations (minutes/day) for the entire data set (500 
days).  




The type and duration of indoor activities varied greatly between the households. The 
total duration of indoor activities varied from less than five minutes/day to almost six 
hours/day (see Figure 3-9). The average duration of activities, excluding opening 
windows, was 60 ± 40 minutes/day in each home. Opening windows and cooking-related 
activities were the activities that occurred at home most often (31% and 30% of total 
activity duration, respectively). Most of the “open windows” activities took place in the 
morning, with the peak time around 07:00. The indoor sources frequently occurred at 
around 08:00, 12:00, and 18:00, which are typical times for breakfast, lunch, and dinner 
(see Figure 3-5).  
 
3.3.2 Signature PNSD and PMSD of indoor sources 
Figure 3-10 shows the median PNSD and PMSD increment caused by single indoor 
sources and opening windows – determined by subtracting the background values (i.e. 
PNSD before activity start) from the values at peak-time.  Boxplots of PNSD and PMSD 
at background and peak-time with 25th, median, and 75th are presented in Appendix-V.b, 
where corresponding integrated PNC and PMC are shown in the figure. 
As stated in the discussion in section 3.2, indoor activities had a significant contribution 
to particle number, and the contribution to UFP was significantly higher compared to 
particles in accumulation mode (see PNSD plot in Figure 3-10). Among the indoor 
activities, the contributions from baking, toasting, and candle burning were considerably 
higher than the other activities. The median PNCs of baking, toasting and candle burning 
at peak times were 29, 13 and 31 times as high as the corresponding background PNCs, 
respectively, and the median PNCs of frying, other cooking, use of fireplaces, and 
vacuum cleaning at peak times were all less than 10 times as high as the corresponding 
background PNCs. This strong increase of indoor sources provides evidence that indoor 
sources were the major contributors to the peaks of indoor PNC in the diurnal cycle. 
Moreover, by opening windows, indoor PNC increased as well due to the higher outdoor 
PNC, but the corresponding contribution to PNC was much lower compared to most of 
the indoor sources. 





Figure 3-10 Median PNSD (left) and PMSD (right) increments resulting from indoor 
source events. The effect of opening the windows is added for comparison. Note that the 
plot of PNSD is a log-log plot, and the plot of PMSD is a semi-log plot (on the x-axis). 
 
The highest particle number contributions from baking, frying, toasting, cooking, and 
using a fireplace were to the particles in 20 – 50 nm size range. Candle burning 
contributed particles to the entire size range, with the maximum in the diameter range of 
10 – 20 nm. Emissions from vacuum cleaning were much weaker compared to other 
indoor sources, with the maximum contribution to particle number at around 10 nm. The 
mean PNCs during each indoor source are listed in Table 3-2. The PNSD associated with 
each source activity showed a broad particle mode, whose mean GMD of each activity is 
summarized in Table 3-2.  
Due to the small size of the UFPs, PMC increases by indoor sources were not as 
pronounced as for PNC. The contributions to PMC by baking, roasting, burning candles 
and, interestingly, the uses of fireplaces were much higher than in the other activities. The 
median PMCs of these activities at peak times were two to four times as high as the 
corresponding background PMCs, respectively, and the median PMCs of the other 




activities at peak times were all less than two times as high as the corresponding 
background PMCs. 
Overall, of all indoor activities, candle burning showed the most significant contribution 
to both PNC and PMC. Indoor cooking activities also had a large contribution to PNC, 
but the contribution to PMC was less significant. In contrast, the use of fireplaces had a 
large contribution to PMC but not to PNC. In the following chapters, these data are used 
to quantify the intensity and duration of each source in order to further determine the 
corresponding contribution to residential particle exposure.    
 
3.3.3 Black carbon emitted from indoor sources 
Figure 3-11 shows the time series of median indoor eBC increments caused by indoor 
sources and opening windows, which is determined by subtracting the eBC mass 
concentration at time zero from the concentration at each time point. Time zero is defined 
as 20 minutes before the peak-time of each source event (apart from toasting). As the 
duration of toasting is often only a few minutes, the time zero for toasting is set to 10 min 
before the peak-time. 
The highest black carbon emissions from a single source were from burning candles and 
use of fireplaces, with peak concentrations (~1.0 μg m-3) at least twice as high as other 
sources. In the study by Isiugo et al. (2019), homes, where candles were used, were 
associated with a 0.41 μg m-3 higher average indoors eBC compared to homes where 
candles were not used. LaRosa et al. (2002) reported the peak concentration of one 
burning candle event of 12.77 μg m-3.  
Cooking-related activities, apart from toasting, generally all show similar emission levels 
of BC, with the peak eBC concentration ranging from 0.3 μg m-3 to 0.4 μg m-3. The 
median eBC increment from opening windows shows a similar intensity and change rate 
as these cooking-related activities. People tend to use candles more often in the cold 
season compared to the warm season. In the cold season, fireplaces are also used more 
frequently. The strong emission from these two sources could be one of the reasons for 




the evening peak in the eBC diurnal cycle in the cold season (see Figure 3-7). Furthermore, 
during the measurement, the activity frequency of cooking-related activities was also 
higher in the cold season than in the warm season (see Appendix-V.c).  
In general, BC emissions from most of the single indoor source events were much higher 
or at least comparable to the outdoor contribution through opening windows. Indoor 
sources should therefore be considered in the health analysis for BC exposure in the 
residential environment.   
It is of importance to note that, indoor and outdoor systems were equipped with water-
based and butanol-based CPC, respectively. The inter-comparison and calibration 
between indoor and outdoor MPSS were performed for ambient aerosol. Besides BC, 
previous studies have also found other non-hygroscopic compounds emitted from indoor 
sources (See and Balasubramanian, 2008; Abdullahi et al., 2013; Vu et al., 2017; Zhao 
and Zhao, 2018). Therefore, particles emitted from indoor sources containing higher 
concentrations of BC and hydrophobic organic compounds could lead to an 
underestimation of the indoor particle concentrations. 
 
 
Figure 3-11 Time series of median indoor eBC increment resulting from indoor source 
events and opening the windows.  




4 Indoor Aerosol Dynamics 
In this chapter, the key dynamic processes of indoor air – outdoor particle penetration, 
ventilation, indoor particle loss, and indoor source emission – are quantified using two 
approaches. The SPA approach provides estimates for the dynamic processes for each 
home and provides reference values for further use in the subsequent IAM approach with 
higher time resolution. This chapter is partly taken from Zhao et al. (2019) and partly 
from Zhao et al. (2020).  
 
4.1 Single-parameter approach (SPA) 
4.1.1 Ventilation rate  
Figure 4-1 shows an example of the time series of measured indoor CO2 concentration. 
The shaded areas mark the start and end times for calculating ventilation rates based on 
Eq. (4) in section 2.2.1. The mean ventilation rates of the entire measurement period were 
0.2 ± 0.2 h-1 and 3.7 ± 2.8 h-1 with closed and opened windows (at least one window is 
opened), respectively (see Table 4-1). In this work, the periods with closed windows are 
considered to be under a low ventilation condition.  
The frequency of the “open window” activity was twice per day on all-seasonal average. 
While the mean duration of “open window” in the cold and two transition seasons was 
less than one hour, it was almost seven times more in the warm season. Under warm 
outdoor temperatures, occupants tend to leave windows open for longer periods while at 
temperatures around or below 10°C in the cold and transition seasons, they leave the 
windows closed most of the time. 
 
 





Figure 4-1 Time series of the measured indoor CO2 concentration. The blue and orange 
colours indicate the period with closed and open windows, respectively.    
 
4.1.2 I/O ratio in “Steady state” periods 
dI/dt was calculated for the entire measurements (in 5 minutes resolution). A positive 
value of dI/dt means indoor PNCs increase and vice versa. The 25th, median and 75th 
percentile of the dI/dt values are around -0.45 cm-3 s-1, -0.11 cm-3 s-1, and 0.02 cm-3 s-1, 
respectively. A large fraction of the dI/dt values is below zero, indicating that the gradual 
decline of PNC was a frequent condition of indoor air. The threshold of the steady state 
was chosen between -0.1 cm-3 s-1 and 0.1 cm-3 s-1, and a steady duration should be longer 
than one hour. As a result, around 800 measurement hours of data satisfied the condition.  
Figure 4-2 shows the boxplot of the size-resolved I/O ratio under the steady state 
conditions. The median I/O ratio shows the maximum at 100 – 200 nm and the minimum 
at 10 – 20 nm. The median of the I/O ratio for each size range varied from 0.10 to 0.58, 
suggesting a strong contribution from outdoor sources to median indoor NFP.  
 




Table 4-1 Ventilation rate and ventilation frequency in three seasons 
Season Ventilation rate - 
closed window (h-1) 
Mean ± SD 
Ventilation rate - 
opened window (h-1) 









Cold season 0.2 ± 0.1 4.1 ± 3.2 2 0.3 
Transition season 0.2 ± 0.1 3.7 ± 2.8 2 0.6 
Warm season 0.3 ± 0.3 3.1 ± 2.0 3 28.9 
Total 0.2 ± 0.2 3.7 ± 2.8 3 1.6 
 
 
Figure 4-2 Size-resolved I/O ratio under steady state conditions. × marks the mean value.  
4.1.3 Indoor particle decay rate 
The indoor particle decay rate (λ+ λd) was quantified by tracking the decay of the indoor 
PNC right after being emitted/re-suspended during an indoor activity under low 
ventilation conditions. The particle decay rate is the negative slope in the logarithm of 
indoor NFP as a function of time. The indoor particle decay rate of the 40 homes as a 
function of the particle size is shown in Figure 4-3. Despite the large variation, the 
minimum particle loss was, as expected, in the accumulation mode range (Dp: 
100 – 300 nm) and the median particle decay rate in this size range was around 0.2 h-1. 




Indoor particle losses are particularly effective in reducing ultrafine PNC, and maximum 
particle losses occurred at around 10 – 20 nm with a median decay rate of around 1.1 h-1. 
In the 10 – 20 nm size range, particle losses are mainly caused by diffusion to any surface 
in the room. This explains the lower UFP concentrations during the cold season when 
most of the time was under the low ventilation condition.  
Indoor particle deposition strongly depends on the area, configuration, and material of 
indoor surfaces, as well as the room volume (Long et al., 2001). Each home thus has its 
specific λd (assuming there was no sudden temperature change or ventilation). Therefore, 
the (λ+ λd) values can be used to estimate the penetration factor of corresponding homes.  
 
Figure 4-3 Size-resolved indoor particle decay rate (λ+ λd). × marks the mean value.  
4.1.4 Particle penetration factor 
Particle penetration factors for the building shells were calculated using Eq. (2). The 
result is shown as boxplot (red) in Figure 4-4. No clear trend was observed with the 
aspects to the layouts or dimensions of the measuring sites. The reason could be that there 
are 40 samples under these aspects, after the division into groups the number of samples 
is probably not sufficient to obtain clear trends. Detailed discussion of the impact of house 
layout on indoor concentrations can be found in Appendix-VI. In general, the median 
penetration factors were relatively low (not exceeding 0.5 for any size range), indicating 




the low infiltration, which reflects that modern German homes are relatively airtight and 
only allow for particles penetrating with low efficiency from outdoors. Together with the 
indoor particle losses, this led to the much lower indoor PNC in the cold season.  
The average penetration factor curve by Long et al. (2001) lies between the 75th and 95th 
percentile of this study - the older sampling homes in their study (e.g. one is more than 
300 years old) could explain this result. Measurements of Zhao and Stephens (2017) and 
Hussein et al. (2005a) were carried out in a rather airtight modern suite in Chicago and in 
one house in Finland, respectively. As a result, the penetration curves in these two studies 
lie between the 25th and 95th percentile of this study, indicating these two homes have 
similar “air tightness” comparing with our homes.  
The median penetration factors show a maximum of 0.5 for around 50 nm diameter 
particles, i.e. particles with such a diameter will penetrate a building shell most easily. 
The penetration factors increase with the particle size from 10 to 50 nm. Similar 
behaviours were observed by Long et al. (2001), Zhao and Stephens (2017) and Hussein 
et al. (2005a). However, the behaviours of penetrations factors in 100 – 500 nm size range 
estimated by Long et al. (2001) and Hussein et al. (2005a) were different from this study. 
T. Hussein 2005 applied the model from Liu and Nazaroff (2001) to estimate the 
penetration factor across the building shell, the model is under an assumption of a certain 
crack structure for one house. Therefore, purely modelled results and a single 
measurement site could be the reason for the different trends from this study. The 
uncertainty of the penetration factor caused by measurements is negligible (estimation of 
uncertainty see Appendix-II.b).  
There is one concern related to the quantification of particle loss rate. The quantification 
was done under the assumption of the criterion for the negligence of coagulation using 
the specific total particle number concentration of ∼1.0 × 104 cm−3 (Hussein et al., 2009a). 
However, in real-life conditions, right after indoor sources there could still be coagulation, 
due to the inhabitants’ influence and complex chemical composition. This would lead to 
an underestimation of particle losses in accumulation mode (100 – 500 nm), the 
penetration factor would then also be underestimated for this size range.  






Figure 4-4 Size-resolved penetration factor of 40 homes in this study (red boxplot), × 
marks the mean value of this study. In comparison, there are penetration factor curves 
estimated by H. Zhao (2017), C. Long (2011), and T. Hussein (2005).  
 
4.2 Indoor Aerosol Model approach  
4.2.1 Setting the environment and preparing input for simulations  
To achieve a more realistic assessment of the dynamic processes in real-life conditions, 
the IAM model simulations were applied. With the aid of the SPA approach, a basic set 
of simulation parameters was derived for each of the households under study. The mean 
ventilation rates for the 40 different residences with closed and opened windows (at least 
one window is opened) were 0.2 ± 0.2 h–1 and 3.7 ± 2.8 h–1, respectively (see section 
4.1.1). The mean penetration factor for total PNC was 0.6 ± 0.2. These two parameters 
were used as a starting point for the tuning process to achieve the best agreement between 
simulated indoor PNC (𝐼𝑠𝑖𝑚) and experimental (i.e. measured) indoor PNC (𝐼).  
 





Figure 4-5 Size-resolved particle decay rates during each hour after “peak-time” of 378 
indoor source events. Curved lines mark the median values. Box plots (vertical) show the 
median, 25th, and 75th percentile, the whiskers are 5th and 95th percentile. PNC indicates 
the mean indoor PNC during each hour. This figure includes only activities after which 
no other activity took place for at least six hours. 
 
The mean particle loss rate (λ+ λd) for PNC calculated using the SPA approach based on 
Eq. (3) was 0.7 ± 0.3 h-1. Figure 4-5 shows the size-resolved decay rate during each hour 
after the peak time of an indoor source event. The decay is most pronounced in the 
ultrafine particle size range, where the losses owing to coagulation and diffusion are the 
most relevant. As mentioned before, former studies (Hussein et al., 2009a; Rim et al., 
2012) concluded that particle coagulation is negligible for indoor PNC below 104 cm–3. 
To avoid a major bias from coagulation, the periods to analyse PNC decay rates were 
limited to indoor PNC ≤ 104 cm-3. The size-resolved particle loss rates served as the 
references for retrieving the best-fit friction velocity 𝑢  (m s-1) by using the model 
developed by Lai and Nazaroff (2000) (e.g. see Figure 4-6). The best-fit friction velocity 
in the 40 homes varied between 0.02 m s-1 and 0.20 m s-1 (see Table 2-1). Time-resolved 
particle deposition rates (λd) can, therefore, be calculated based on Eq. (5).  
When deriving a suitable friction velocity, the surfaces of the floor and the ceiling are 
assumed to act morphologically in the same way. Differences in furniture, movable and 




immovable items could not be considered explicitly because of their great variations 
across the 40 dwellings. A sensitivity analysis of the possible effects of surface area 
changes due to furnishing suggest a negligible influence on 𝜆𝑑  (See Appendix-II.c). 
Based on the experimental indoor GMD, IAM yielded coagulation coefficients in the 
order of 10-6 cm3 h-1. Observations of indoor PNC could easily exceed 104 cm-3 during 
indoor source activity and, since the 𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 is a function of 𝐼
2 the particle losses due 
to coagulation thus strongly depended on indoor PNC (see Appendix-VII).  
Comparing the dynamic parameters calculated from both approaches, the mean values of 
(λ+ λd) and P show a surprisingly good agreement (see Table 4-2). The discrepancy of 
the mean 𝜆 from two approaches could be a result of limitations of the CO2 decay method, 
particularly when the inhabitants’ activity was not constant. Moreover, λ likely varies 
with meteorological conditions, and the indoor air turbulences induced by the motion of 
inhabitants.   
 
 
Figure 4-6 Comparison of experimentally derived particle decay rates (dots, SE the 
standard error) and model-predicted loss rates (lines) including deposition onto indoor 
surfaces for various friction velocities according to Lai and Nazaroff (2000) and Hussein 
et al. (2012). Input parameters: λ = 0.2 h-1, and the indoor surface-area-to-volume ratio 
A/V = 1.7 m-1. The best-fit result for the friction velocity u was 0.16 m s-1. 




Table 4-2  Mean and standard deviation (SD) of dynamic parameters estimated via single-
parameter approach (SPA) and indoor air model approach (IAM). 
 SPA approach IAM approach* 
mean SD mean SD 
Ventilation rate 𝜆 (h-1) 
(window closed) 
0.2 0.2 0.4 0.2 
Ventilation rate 𝜆 (h-1) 
(window open) 
3.7 2.8 1.6 1.2 
Deposition rate 𝜆𝑑 (h
-1) - - 0.2 0.1 
Decay rate (𝜆 + 𝜆𝑑) (h
-1) 0.7 0.3 0.7 0.7 
Penetration factor 𝑃 0.6 0.2 0.6 0.2 
Coagulation coefficient 𝐾 
(cm3 h-1) 
- - 7.8×10-6 6.0×10-7 
* 𝜆 and P tuned to match simulated and experimental indoor PNC 
 
4.2.2 IAM model simulations 
Figure 4-7 shows results from an exemplary simulation of indoor PNC with IAM during 
one week in home L2. As can be seen, the simulation is able to reproduce indoor PNC 
with good agreement compared to the measured indoor PNC (𝐼𝑠𝑖𝑚/𝐼 = 1.02; R
2 = 0.92). 
The penetration factor and ventilation rate were 0.4 < P < 1.5 and 0.1 < 𝜆 < 6 h-1, 
depending on the moment of time (see Figure 4-7b). The sudden increases in 𝑃 and 𝜆 
were associated with the inhabitants opening the windows. The cases where only 𝜆 is 
increased (while 𝑃 is not) represent the situation when the windows were closed, the 
internal ventilation rate had changed, e.g. due to the movement of the occupants.  
The calculated total deposition rates onto surfaces and coagulation coefficients were 
0.1 – 1 h-1 and 5×10-6 – 8×10-6 cm3 h-1, respectively (see Figure 4-7c and d). Both 
parameters were computed from measured indoor GMD, therefore their variation in the 
time series follows the evolution of the PNSD, which varies particularly strongly during 
indoor source events.  
 





Figure 4-7 Exemplary model simulation of PNC with IAM in one home (No. L2). The 
model uses measured outdoor PNC and indoor GMD to simulate indoor particle 
deposition loss, coagulation loss, and indoor PNC. Emission rates are calculated from the 
difference between simulated and measured indoor PNC.  
4.3 Indoor source emission rates 
4.3.1 Overview of source-specific emission rate 
The observed indoor source events were usually short and intense. Therefore, the 
emission rate was assumed to be constant during the emission period. The mean emission 
rate estimated via the model approach (EIAM) of all the indoor sources in 500 days’ 
measurements was 2.7×1013 (± 5.9×1013) h-1. The emission rate shows great overall 




variations, even within the same home (see Figure 4-7e), it varied by two orders of 
magnitude (from 1.5×1012 h-1 to 2.0×1014 h-1).  
During the entire measurement period, the emission rates of all sources varied between 
1×1010 h-1 and 6×1014 h-1, while the mean emission rate of each source type was typically 
on the order of 1013 h-1 (see the result of EIAM in Table 4-3 and Figure 4-8c). The highest 
emission rate was obtained for burning candles with mean EIAM for 5.3×10
13 h-1. Note 
that the number of burning candles was not known for most of the events. The emission 
rate of using fireplaces, however, was only a quarter of that, although both are combustion 
sources. Another combustion source was using incense sticks (classified under “Others”), 
but only one case was reported and the emission rate was 2×1012 h-1. 
Generally, our results of EIAM are in broad agreement with results from chamber and test 
room studies. Buonanno et al. (2009) determined emission rates for frying on an electric 
stove at different temperatures and with different types of food, the result varied between 
1.7×1013 h-1 and 7.8×1013 h-1. Torkmahalleh et al. (2012) estimated the emission rates of 
frying with different oils for 2.0×1013 h-1 - 2.1×1014 h-1. Schripp et al. (2011) determined 
the emission rates of a toaster and an electric oven were 1.6×1014 h-1 and 6.6×1013 h-1, 
respectively. Different types of candles were tested in the studies from Stabile et al. (2012) 
and Klosterköther et al. (2020), and the particle emission rates varied from 3.0×1014 h-1 
to 6.9×1014 h-1.  
For studies in real-life conditions, results are shown in Figure 4-8 in the sub-graph of the 
corresponding calculation approach. The emission rate calculated by Wallace and Ott 
(2011) and He et al. (2004) in general shows good agreement with this study. Note that 
in Wallace and Ott (2011) the electric stove cooking was not separated between frying 
and boiling, and is marked in the "Other cooking" category in Figure 4-8a.  Results of 
Isaxon et al. (2015), however, are all significantly higher than of this study and Wallace 
and Ott (2011). In their discussion of the limitations, the authors mentioned the accuracy 
of the instruments used and the possible overestimation of PNC measured by the 
Nanotracer (Philips Aerasense). In studies of Hussein et al. (2005b); (2006), the aerosol 
dynamics model approach was applied to estimate emission rates in one home in Finland 




and Prague, respectively. In both homes, the strongest particle number source was 
cooking, with emission rates for 3.4 ×1013 h-1 and 3.6 ×1013 h-1 in Finland and Prague, 
respectively. 
The processes that influence the particle emission from indoor sources have not yet been 
fully investigated. Former studies have found BTEX (benzene, toluene, ethylbenzene and 
xylene) from the incomplete combustion of the candle, which are typical precursors of 
the particulate matter (Derudi et al., 2014). Klosterköther et al. (2020) observed different 
profiles of particle number emission rate and particle size during ignition, normal burning, 
and extinction phases of burning candle activity. For a wood-burning fireplace, the 
formation of particulate matter and other pollutants depends on the type of fuel the flame 
conditions (Lahiri and Ray, 2010; Salthammer et al., 2014). Wallace et al. (2015) 
observed the emission of the ultrafine particle from heated empty cooking pans, where 
the authors stated the desorption/nucleation of sorbed organic matter as the primary 
source.  
Note that in this study, for the homes where the kitchen and living room are separated by 
doors, our emission rates might underestimate the real cooking-related emission rate. In 
such configurations, a multi-compartment model would be needed. Separating our 
emission rates into homes with separate kitchen and open kitchen yields mean EIAM values 
of 1.2×1013 (±2.6×1013) h-1 and 3.5×1013 (±7.0×1013) h-1, respectively. Limiting this 
consideration to cooking-related activities yields even lower EIAM in homes with a 
separated kitchen compared to an open kitchen (EIAM for each source in two types of 
kitchens see Appendix-V.d). The emission rates obtained for the open kitchen/living 
room combination are expected to be more realistic, acknowledging the non-adequacy of 
the single-compartment model for the case of a separate kitchen.  
Another fact that caught our attention is that most of the investigated houses are equipped 
with a range hood (see Appendix-I). However, during the measurement, they were rarely 
used by the residents. Overall, the range hood was turned on during 38 out of 130 
cooking-related activities (i.e., baking, roasting, and other cooking; toasting was not 
involved because people never used the hood during toasting) in 15 homes. When 




comparing the emission rates of these activities, no clear trend of the effect of using range 
hoods could be observed (see Appendix-V.e). One reason for this could be that the 
number of cases is not sufficient to capture the effects. Another reason could be that 
compared to the effect of the range hood, the emission rates of indoor sources are more 
sensitive to the cooking habits and preferences of the inhabitants, e.g. the ingredients used, 
and the stove temperature. 
 
Table 4-3 Comparison of particle number emission rates estimated from the single-
parameter approach excluding and including dynamic parameters (ESPA and ESPA+, 
respectively), as well as the indoor aerosol model approach (EIAM). 
 
Emission rate ×1013 (h-1) Correction factors† for ESPA 
ESPA ESPA+ EIAM 𝑃𝜆𝑂 
(cm-3 h-1) 
(𝜆 +  𝜆𝑑) 
(h-1) 
𝐾 
(cm3 h-1) mean ± SD mean ± SD mean ± SD 
Bake 1.5  ± 2.4 2.0  ± 2.8 4.0  ± 6.2 2029 0.8 7.6×10-6 
Fry 1.8  ± 2.6 2.2  ± 3.8 3.0  ± 4.8 6407 0.9 7.7×10-6 
Toast 2.7  ± 6.1 2.9  ± 6.6 4.7  ± 11.1 2303 0.7 7.6×10-6 
Other cooking 0.6  ± 1.0 0.7  ± 1.2 1.5  ± 3.6 - - - 
Candle 1.9  ± 3.8 2.9  ± 4.1 5.3  ± 6.8 1995 0.8 8.8×10-6 
Fireplace 0.8  ± 0.9 0.9  ± 0.9 1.4  ± 1.9 - - - 
Vacuum cleaning 0.2  ± 0.4 0.3  ± 0.4 0.5  ± 0.7 - - - 
Mixed 2.1  ± 5.4 2.3  ± 6.1 4.2  ± 8.7 - - - 
Others 0.6  ± 0.9 0.7  ± 1.0 1.0  ± 1.8 - - - 
Unknown 0.9  ± 2.9 1.1  ± 3.0 1.5  ± 4.0 - - - 




(𝜆 +  𝜆𝑑)𝐼 + 𝐾𝐼
2. 





Figure 4-8 Emission rates of each indoor activity estimated by (a) single-parameter 
approach (SPA), (b) SPA including P, λ, and (λ+ λd), (c) indoor air model approach, and 
(d) SPA with correction. Boxplots show the median, 25th, and 75th percentile, the whiskers 
are 5th and 95th percentile. The mean emission rates calculated by Wallace and Ott (2011), 
Isaxon et al. (2015), He et al. (2004), Hussein et al. (2005a); (2006) are compared in the 
plot using the same approach. 
 




4.3.2 Correction factor for the simplified single-parameter approach 
In this section, a new method is presented to make emission rates derived from different 
levels of analysis of the experimental data mutually comparable. As can be seen in Table 
4-3 and Figure 4-8(a-c), the source emission rates derived from the IAM approach (EIAM) 
were considerably higher than those obtained from the SPA approach (ESPA and ESPA+). 
The reduction of ESPA+ is rather moderate with a median ESPA+ 70% of EIAM. The reason 
for the underestimation could be the neglect of coagulation losses or the underestimation 
of particle losses of ventilation and deposition.  
While ESPA was quantified with the further simplified method under SPA, i.e. without 
considering the aerosol dynamic processes, and the median ESPA is only half as much as 
EIAM. Since source-specific emission rates are to be considered for exposure assessment, 
a new method is offered to adjust results derived from the simplified SPA approach. 
For this purpose, the correction factors should be derived from the aerosol dynamic 
significance. The larger underestimation of ESPA indicated that the assumption of Eq. (4) 
was only partially valid, i.e. [𝑃𝜆𝑂 − (𝜆 + 𝜆𝑑)𝐼 − 𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛] should have been ≤ 0. 
EIAM was estimated based on Eq. (1), thus the difference between ESPA and EIAM can be 






= 𝑆𝑑𝑖𝑓 = −𝑃𝜆𝑂 + (𝜆 +  𝜆𝑑)𝐼 + 𝐾𝐼
2                  (9) 
Assuming outdoor concentrations remain relatively constant, the difference of source 
strength 𝑆𝑑𝑖𝑓 can be treated as a function of 𝐼 in quadratic polynomial format (i.e. 𝑦 =
𝑎 + 𝑏𝑥 + 𝑐𝑥2 ). The mean value of 𝑃𝜆𝑂 , (𝜆 +  𝜆𝑑)  and 𝐾 calculated from the IAM 
approach (3275 cm-3 h-1, 0.9 h-1, and 7.7×10-6 cm3 h-1, respectively) are used as correction 
factors, which correct the effect of particle penetration from outdoor, indoor deposition 
loss, and indoor coagulation loss accordingly.  
Applying the correction factors as the coefficients in the quadratic polynomial function 
for known indoor sources, the linear fitted result (𝑆𝑓𝑖𝑡𝑡𝑒𝑑) is illustrated in Figure 4-9 




(formula and line in red colour). 𝑆𝑑𝑖𝑓 and 𝑆𝑓𝑖𝑡𝑡𝑒𝑑 are well correlated in the log scale with 
R2 = 0.7, p-value <<0.05. 
Among the known single sources, 𝑆𝑑𝑖𝑓 of baking, frying, toasting, and candle burning all 
are well correlated with the mean parameter linear fitted result (R2 ≥ 0.7, p-value <<0.05, 
see Appendix-V.f). These sources function as a relatively constant source of particle 
number emissions, i.e. with less influence from the operating habits of residents. For these 
sources, correction factors are recommended when calculating the ESPA (see Table 4-3). 
For other cooking, vacuum cleaning, and using fireplaces, however, due to the inconstant 
emission, the R2 is much lower (0.6, 0.6, and 0.2, respectively). The extremely low 
correlation in the use of fireplaces could be attributable to the emissions being highly 
dependent on the way residents start fires. 
The corrected result of each indoor source all shows good agreement with EIAM (see 
Figure 4-8c and d) with the median of corrected ESPA 93% of EIAM. For future 
measurements where only indoor PNC is available, the mean parameters could be used 
as the correction factors for the rapid estimation of emission rates. This is also a feasible 
approach for residents to better understand the level of indoor emission in their daily lives. 
This estimation is more suitable for homes with similar conditions, e.g. relatively airtight, 
naturally ventilated, and under rather low ventilation conditions.  
With respect to the limitations of our approach, one needs to keep in mind that all 
calculations are based on the well-mixed single-compartment model approach applied for 
different configurations of homes. There might be internal air exchanges in other indoor 
spaces that have influenced the estimated parameters and could, therefore, lead to an 
underestimation of the particle emission rates. 
 





Figure 4-9 Sdif and mean parameter fitting as a function of indoor PNC (left); Scatter plot 






















5 Source contribution to indoor particle exposure 
Source contribution to indoor particle exposure in the investigated homes is quantified 
and discussed in this chapter. Section 5.1 is partly taken from Zhao et al. (2020), and 
partly rewritten and extended to include aspects of regional influence on fine particle 
exposure. Sections 5.2 includes the quantification and discussion of indoor exposure to 
coarse particles. 
 
5.1 Indoor exposure to fine particles 
With the simulated indoor time series of PNC for the 40 dwellings using the IAM model, 
it is possible to differentiate the fractions of indoor PNC that originate from indoor and 
outdoor sources. Distinguishing these particle types might represent a key for a better 
understanding of indoor particle exposure (Riley et al., 2002). Naturally, the fraction of 
outdoor particles conferred to occupants of an indoor environment depends on the 
numerous building properties and dynamic process factors discussed above. According 
to previous works (Bhangar et al., 2011), it is possible to quantify indoor exposure to fine 
particles emitted from indoor and outdoor sources as a daily-integrated exposure, which 
is calculated by integrating the PNC over time and dividing by the number of 
measurement days (cm-3 h/day).  
The daily-integrated exposure in our 40 households varied from 0.7 ×105 cm-3 h/day to 
4.7 ×105 cm-3 h/day (see Appendix-VIII.a), with a mean around 2×105 cm-3 h/day (see 
Figure 5-1). Indoor sources contributed 56% of total indoor particle number exposure, 
with burning candles contributing the biggest individual amount. The contribution from 
outdoor aerosols was calculated from the IAM simulation of indoor PNC disregarding 
indoor source events, resulting in a relative share of 42% in total exposure. The IAM 
model approach even allows to break this contribution down to penetration through the 
building shell, and ventilation through windows (26% and 15%, respectively). The 
remaining gap in the balance (i.e. “Rest” in Figure 5-1) amounting to approximately 2% 
of total exposure could stem from resuspension or unidentified minor sources. 




It is expected that outdoor traffic-related emissions will influence the proportion of the 
contribution to indoor particle exposure. Our 40 homes are located in urban, suburban, 
and rural areas (see Table 2-1). The outdoor PNC for urban, suburban, and rural areas 
were (mean ± SD): 8300 ± 7600 cm-3, 7000 ± 5600 cm-3, and 6500 ± 6300 cm-3, 
respectively. In Figure 5-2, it can be seen that the contribution of outdoor penetration was 
higher in the urban area than in suburban and rural areas. Nevertheless, the total particle 
exposure load in the urban area was much lower compared with the other two areas. This 
suggests that the activity habits of residents had a strong influence on the exposure pattern.  
Although indoor source events proved to be rather short-lived, their significant 
contribution to indoor PNC exposure derives from their high source emission rates and 
the rather moderate decay rate, which lead to residence times of several hours for particles 
emitted indoors if not vented. 
The daily exposure burden was similar in the cold and warm seasons – around 2×105 
cm-3 h/day (see Figure 5-1). However, due to the different behaviour patterns of residents 
in the cold and warm seasons, the proportions of indoor and outdoor contributions were 
rather different. In the cold season, residents were exposed to a majority of particles 
emitted from indoor sources (70%) whereas, in the warm season, the corresponding 
identified contribution amounted to only 39% of total exposure. Opening windows and 
burning candles were the two major activities that made the crucial difference (their 
proportions of total exposure were 6% and 24% in the cold season, 25% and 3% in the 
warm season, respectively). Without burning candles, the daily indoor exposure would 
have been reduced by approximately 5×104 cm-3 h/day in the cold period.   
Compared to previous studies, the daily-integrated exposure burden in our studied 
German homes is lower. Mullen et al. (2011) estimated the total contribution from indoor 
and outdoor sources to the daily-integrated exposure in two homes in Beijing during 
summer (4-6 days). Compared to the summer season in our study, the contribution of 
exposure from indoor was similar, while outdoor was twice as high (see Figure 5-3), 
which could be attributed to the much higher outdoor PNC (mean concentration three 
times as high). Bhangar et al. (2011) estimated the daily-integrated exposure in seven 




homes in California across all four seasons for a total of 26 days. Their contribution of 
outdoor particles is similar to our study, while the fraction of indoor sources was twice as 
high (see Figure 5-3). However, as both studies did not analyze the contribution from 
each specific indoor or outdoor source, it is unclear which indoor source led to the 
difference.  
Bekö et al. (2013) measured the indoor PNC in 56 Danish homes in the winter period 
(~45 h each) and estimated the mean daily-integrated exposure for 7×105 cm-3 h/day, 
which is three times as high as in our German homes, and 2 times as high as in residencies 
both in California and Beijing (see Figure 5-3). The authors cite the intensive candle 
burning in Scandinavia as a major influence, the average burning time in observed Danish 
homes was about 140 min/day, and in our residences was only 16 min/day during the 
winter period. Overall, this study offers a significant extension of knowledge related to 




Figure 5-1 Seasonal difference of mean source contribution to daily-integrated exposure 









Figure 5-2 Regional difference of mean source contribution to daily-integrated exposure 
to indoor PNC per day (cm-3 h/day). 
 
 
Figure 5-3 Comparison of the daily-integrated PNC exposures obtained in California 
(Bhangar et al., 2011), Beijing (Mullen et al., 2011), Copenhagen (Bekö et al., 2013), 








5.2 Indoor exposure to coarse particles 
In section 3.2, it was discussed that indoor coarse particles were mainly influenced by 
indoor activities. As a comparison to fine particles, the contributions of the source to 
daily-integrated exposure to PM1-2.5 and PM2.5-10 were also quantified. From Figure 3-3, 
it can be seen that the PMCs of PM1-2.5 and PM2.5-10 reaches a steady state at around 02:00 
to 06:00. During the steady state, assuming no inhabitant was awake or moving around 
indoors, the particles transported from outside reach a balance with the particles lost 
indoors. The PMC during this period is therefore considered to be the background PMC. 
Assuming the penetration factor and decay rate were constant, all PMC exceeding the 
background PMC are treated as a contribution from indoor activities.  
Under real-life conditions, the coarse particle emission from an indoor source (e.g. burning 
candles and other combustion sources) is always accompanied by a resuspension, and the 
effect from these two processes is inseparable under the current measurement setup. 
Nevertheless, studies have shown that the contribution comes mainly from resuspension 
(Abt et al., 2000; Long et al., 2000; Koistinen et al., 2004; Ogulei et al., 2006; 
Gudmundsson et al., 2007; Morawska et al., 2013).  
The daily-integrated exposure to PMC is quantified using the same algorithm as for PNC. 
On averagely, the total daily-integrated exposure to indoor PM1-2.5 and PM2.5-10 was 
around 70 µg cm-3 h/day and 300 µg cm-3 h/day, respectively. The contributions from 
indoor sources to PM1-2.5 and PM2.5-10 were 84% and 98% of the total exposure, 
respectively (see Figure 5-4). The contribution from outdoors was almost negligible for 
PM2.5-10 (< 2%). 
 














6 Summary and Conclusions 
Within this dissertation, residential particle exposure and the contribution of different 
sources were characterised with the aid of two-year measurements in 40 households in 
two German cities in combination with model simulation. The temporal and seasonal 
variations of particle concentration and size distribution in residential environments were 
investigated, with a complete picture of particles in the size range from 10 nm to 10 µm, 
as well as the indoor black carbon concentration. This work is one of the largest studies 
with such comprehensive particle parameters in multiple European homes covering all 
seasons. The main findings relating to the scientific questions addressed are summarised 
as follows:  
 
Q1: How can the quality of indoor and outdoor particle measurements in multiple 
households be assured, which comprise the comprehensive parameters and information? 
A standard protocol for comprehensive indoor and outdoor particle measurements in 
residential environments has been established (Zhao et al., 2018). To achieve a 
comprehensive understanding of the physical properties of internal and external particles, 
the measuring system should be able to collect the particle number and mass 
concentration as well as their size distribution for particle sizes from at least 10 nm to 10 
µm. In order to better interpret the daily and seasonal course of indoor particle 
concentrations and the source attribution of particle exposure, the residents' activity log 
is necessary. Indoor and outdoor measurement systems need to be designed for residential 
use. To obtain statistically more representative data, measurements often have to be 
conducted in multiple buildings over the long term. After transportation of the 
instruments between the individual houses, a routine check of the measurement system, 
including zero control, flow control, high voltage control, and calibration of the DMA, 
must be performed for quality assurance. During the measurements, it is advisable to not 
to interrupt the normal life of the residents. Therefore, internet access must be established 
for the purpose of remote maintenance. The indoor and outdoor systems should be 




routinely checked against reference instruments at the calibration centre facilities, e.g. 
World Calibration Centre for Aerosol Physics. 
 
Q2:  What are the indoor and outdoor particle mass and number concentrations, their size 
distribution patterns, and the BC mass concentration in modern German homes? How do 
they change diurnally and seasonally?  
The median indoor PMC and PNC showed peak values in the daily cycles at the typical 
times of breakfast, lunch and dinner, i.e. at around 8:00, 12:00 and 19:00. The PMC of 
indoor coarse mode particles was significantly higher and showed greater variability than 
outdoors, indicating that indoor activities were the main contributor for coarse particles 
indoors. Therefore, for German residential buildings, the exposure to coarse particles 
indoors should be estimated on the basis of measurement data indoors rather than 
outdoors. For fine particles, the median of PM1 and PNC was lower indoors than outdoors 
(median of I/O ratio 0.69 each), and the diurnal cycles followed the outdoor variation. 
This suggests that outdoor sources played an important role in the variation of the diurnal 
cycle of fine particles indoors. Nevertheless, the 75th percentile of indoor PNC shows 
strong peaks at the typical times of breakfast, lunch, and dinner, two of them (around 
12:00 and 19:00) even exceeded outdoors, indicating a strong contribution from indoor 
sources. Therefore, a further quantitative assessment was conducted to determine whether 
the indoor or outdoor source was the major contributor to indoor particle exposure.  
Due to the different ventilation habits of the residents, clear contrasts between the cold 
and warm seasons have been observed in the diurnal cycles of indoor particle mass and 
number concentrations. For coarse particles, longer window opening time in the warm 
season resulted in a significantly lower indoor PMC value compared to the cold season. 
Moreover, the peaks of the PNC diurnal cycle indoors were less intense in the warm 
season than in the cold season. In the cold season, the particles emitted from indoor 
sources (e.g. from cooking and combustion sources) had a longer residence time indoors. 
As a result, residents were exposed to a different composition of indoor particles.  




Indoor PNSD also showed different patterns at different times of day and seasons. The 
median indoor PNC was higher during the day for each particle size than at night (1.6 
times as much). Furthermore, the difference was mainly observed for particles in the 
ultrafine size range. In the warm season, due to the longer periods of open windows, the 
indoor PNSD showed similar patterns as outdoors. In the cold season, however, indoor 
PNSD showed different patterns as outdoors – with much lower NUFP concentrations.  
Indoor eBC accounted for only a small fraction of the indoor particle mass concentration 
(median concentration ~6% of indoor PM1). In the diurnal cycles, the median indoor eBC 
was higher in the cold season than in the warm season at all times of the day. Moreover, 
the evening peak of the eBC concentration in the cold season was twice as high as in the 
warm season. One reason is due to the strong BC emission from burning candles and the 
use of fireplaces. BC emissions from indoor sources were much higher or at least 
comparable to the transport from outdoors through opening windows, which should be 
considered in the health analysis for BC exposure in the residential environments.   
 
Q3: How do aerosol dynamic processes (including ventilation, outdoor penetration, 
particle loss and indoor emissions) affect indoor air quality and which theoretical method 
describes reality best? 
As discussed in Q2, ventilation played an important role in diurnal and seasonal variations 
of indoor PMC and PNC. When indoor PMC and PNC were significantly higher than 
outdoors, for example during periods of indoor source events, opening windows resulted 
in lower indoor PMC and PNC. Since the median of outdoor PNC was higher than indoors, 
in the absence of an active indoor source, indoor PNC was increased by opening windows. 
With windows closed, the mean ventilation rate was 0.4 ± 0.2 h-1 and the penetration 
factor was rather low (0.6 ± 0.2), indicating theses German homes were relatively airtight.  
The two most common estimation methods for indoor dynamic processes were quantified 
and compared. Comparing the dynamic parameters calculated from the SPA and IAM 
approaches, the mean values of decay rate and penetration factor showed a good 
agreement. Nevertheless, the source emission rates derived from the IAM approach (EIAM) 




were considerably higher than those obtained from the SPA approach (ESPA and ESPA+). 
This is due to the neglect of coagulation losses or the underestimation of particle losses 
of ventilation and deposition. Due to the strong contribution of indoor sources to NUFP, 
coagulation and diffusion are the most important processes in reducing indoor PNC 
during and after indoor source events. The IAM approach combines IAM simulations 
with experimental time series of indoor and outdoor aerosol parameters, involving time-
dependent penetration factors and ventilation rates, as well as particle-size dependent 
coagulation and deposition losses, which have been considered to describe reality better 
than the SPA approach. Correction factors were derived to adjust the emission rates 
calculated from the simplified SPA approach (ESPA). In order to maintain the aerosol 
dynamic significance, the correction factors have been designed as a set of values that 
corrects the effect of outdoor particle penetration, indoor deposition loss, and coagulation 
loss accordingly. For houses under similar conditions, the correction factors can be 
applied to correct the emission rates calculated in the previous studies using the simplified 
SPA approach. These correction factors can also be applied for a quick estimate of 
emission rates when only indoor PNC data are available. 
 
Q4: What is the level of particle exposure in German homes? How much do indoor and 
outdoor sources contribute to indoor particle exposure? Are there seasonal variations in 
their contribution share?   
Indoor coarse particles were mainly caused by resuspension from indoor activities. 
Therefore, the indoor activities were the major contributor to exposure to coarse particles 
(84% and 98% of the total exposure for PM1-2.5 and PM2.5-10, respectively).  
Common indoor activities have caused a strong increase in indoor PNC. Around 900 
indoor events were classified according to the residents' electronic activity log, involving 
baking, frying, toasting, candle burning, use of fireplaces, and opening windows. Results 
show that indoor sources had a slightly higher influence (~56% of total exposure) than 
outdoor sources in terms of their contribution to indoor particle number exposure. With 
the aid of IAM simulation, the contribution from outdoor was able to be subdivided: 




building shell penetration contributed ~26% of total exposure and infiltration through 
open windows ~15% of total exposure.  
The proportion of contributions from indoor and outdoor sources varied during different 
seasons. In the warm season, due to the longer windows opening periods, the outdoor 
sources turned out to be the major contributor to particle exposure (54% of total exposure). 
During the cold period, the contribution from indoor sources dominated with ~ 70% of 
the exposure. Among all indoor sources, the use of candles was the strongest contributor 
(24% of total exposure). The lower outdoor PNC and indoor particle number emissions 
resulted in the daily-integrated exposure in our 40 homes being lower than the values 
reported from other countries (California, Beijing, and Copenhagen). This also highlights 
the importance of residential measurements in the region of central Europe, where the 
housing situation, meteorological conditions and cultural preferences are different from 
other areas of the world.  
 
Overall, these over 500-days’ measurements provided more representative data on indoor 
exposure to coarse, fine and ultrafine particles as well as black carbon in the residential 
environment, allowing a better understanding of the dynamic processes affecting indoor 
air. This work fills the gap of knowledge of the source-specific emission rates in European 
houses under real-life conditions. For the first time, the two calculation approaches to 
emission rates were quantitatively compared and evaluated. The correction factors for 
emission rates provide a possibility to make results derived from different levels of 
analysis comparable. For the first time, the contribution from outdoor to particle exposure 
has been quantitatively separated between the building envelope and infiltration through 
open windows. Moreover, results suggest that indoor sources are still responsible for the 
majority of residential exposure to particles. This work offers a significant extension of 
knowledge related to indoor particle number exposure and source-specific contributions 
across different seasons. To further reduce the residential exposure to PNC, it is 
recommended to shorten the time of open windows with high PNC outside (e.g. during 
rush hours) in the warm season and to reduce the use of candles and fireplaces in the cold 
season.  


















This work highlights the great contribution of indoor sources to residential particle 
exposure. For coarse particles, indoor PMC increased rapidly right after residents got up 
and carried out activities. However, in the real-life conditions, the coarse particle emission 
from an indoor source is always accompanied by a resuspension. Further analysis is needed 
to disentangle the contribution of resuspension and indoor sources to the coarse particles, 
e.g. combining laboratory studies, field measurements, and modelling focusing on coarse 
particles.  
Moreover, further expansions of the IAM simulation for submicrometer particles could 
be developed to extend the knowledge about indoor particle exposure. The first point to 
extend upon is that, as discussed in this paper, there are potential influences of different 
room configurations on the source emission rate, especially in houses with separate 
kitchens with respect to sources related to cooking. Further studies could include indoor 
air mixing models, such as Computational Fluid Dynamics (CFD) software, to increase 
the accuracy of the emission rate in homes with a separate kitchen.  
Second, the geometric mean diameter (GMD) of the indoor PNSD was applied as a time-
dependent input for IAM simulation. Indoor PNSD was assumed to be a single-mode 
distribution, which could lead to uncertainty of simulated particle dynamic processes. 
Further analysis could examine the multi-layer simulation based on the actual number of 
modes of the PNSD and using the corresponding GMD of each mode as input.  
Third, indoor sources showed strong a contribution to PNC of ultrafine particles. Few 
studies found that the majority of primary particles from indoor combustion sources and 
sources with high surface temperatures are smaller than 10 nm (Rim et al., 2016; Wallace 
et al., 2019). It will be of interest to further investigate the varying relationship between 
particle loss (i.e. coagulation and deposition) and the source emission rate for particles 












I. Characteristics of the investigated homes - extended 
Table A-1 Characteristics of the investigated homes - extended: Leipzig (L1 – L20) and 














Season, days of 
measurement 
L1 530 >150 1993  Exhaust air cold, 3 transition, 6 
L2 530 >150 1998  No cold, 14 transition, 11 
L3 530 >150 1996  
Recirculate 
air with filter 
cold, 4 transition, 8 
L4 530 >150 1998  Exhaust air cold, 4 transition, 7 
L5 450 >150 1995  
Recirculate 
air with filter 
cold, 3 warm, 6 
L6 58 50-150 2009 yes No cold, 4 transition, 7 
L7 464 >150 1983  Exhaust air cold, 3 transition, 4 
L8 300 >150 1991  
Recirculate 
air with filter 
transition, 3 warm, 7 
L9 1149 10-50 unknown  No cold, 3 warm, 7 
L10 872 10-50 unknown  No transition, 3 - 
L11 4368 >150 1936  No transition, 2 warm, 7 
L12 2960 <10 unknown  
Recirculate 
air with filter 
cold, 4 warm, 14 
L13 5111 >150 1956  
Recirculate 
air with filter 
cold, 4 warm, 6 






air with filter 
transition, 4 warm, 7 
L15 14508 50-150 1900  
Recirculate 
air with filter 
transition, 3 transition, 7 




 No transition, 4 warm, 4 
L17 2526 <10 1994  
Recirculate 
air with filter 
cold, 3 transition, 7 
L18 6014 10-50 1920  
Recirculate 
air with filter 





L19 1111 50-150 1900  
Recirculate 
air with filter 
cold, 4 transition, 7 
L20 4302 10-50 1950  
Recirculate 
air with filter 
transition, 3 warm, 2 
B1 92 >150 1938  No cold, 7 transition, 7 
B2 891 50-150 1970  Exhaust air cold, 7 transition, 7 
B3 891 >150 1914  No cold, 7 transition, 7 
B4 120 50-150 2013 yes No warm, 7 cold, 7 
B5 120 >150 2002  Exhaust air warm, 7 cold, 7 
B6 115 >150 2008  
Recirculate 
air with filter 
warm, 7 cold, 7 
B7 2800 <10 2002  Exhaust air cold, 7 warm, 6 
B8 2800 10-50 1960 -1970  
Recirculate 
air with filter 
cold, 7 transition, 7 
B9 1500 >150 2011 yes 
Recirculate 




B10 1500 >150 2001  Exhaust air cold, 7 cold, 7 
B11 2800 >150 1929  Exhaust air cold, 7 warm, 7 
B12 7100 >150 1965  Exhaust air transition, 7 cold, 7 
B13 2800 50-150 ~1904  
Recirculate 
air with filter 
cold, 7 transition, 7 
B14 2800 >150 1928  
Recirculate 
air with filter 
warm, 7 cold, 7 
B15 4800 50-150 1932  
Recirculate 
air with filter 
cold, 7 transition, 7 
B16 9000 50-150 1900  
Recirculate 
air with filter 
warm, 7 cold, 7 
B17 891 50-150 ~1915  
Recirculate 
air with filter 
cold, 7 transition, 5 
B18 13200 <10 1912  
Recirculate 
air with filter 
warm, 7 cold, 7 
B19 6300 50-150 1890  No warm, 7 cold, 7 






II. Sensitivity and uncertainty analysis 
a. Uncertainty of ventilation rate caused by seasonal variation of 
background CO2 concentration   
Background CO2 concentration was measured by the German Federal Environment 
Agency (UBA) in Neuglobsow, which is the nearest station (about 70 km north of Berlin) 
from our measurement sites. The monthly mean CO2 concentration from 2016 to 2019 
was 418 ± 7 ppm. The mean CO2 concentration varied from 410 ppm in July to 425 ppm 
in November (see Figure A-1).   
 
Figure A-1 CO2 concentration measured by the German Federal Environment Agency 
(UBA), Neuglobsow, Germany 
In order to assess the expected deviation in the ventilation rate ( 𝜆 ) based on the 
uncertainty in the background CO2 concentration (𝑏𝑔), a local sensitivity analysis has 







By evaluating the sensitivity (𝑆𝜆) in the range of 𝑏𝑔 = 400 ppm to 𝑏𝑔 = 425 ppm, the 
relative change in the ventilation rate is 0.09 %. Therefore, the sensitivity of the 





b. Uncertainty of penetration factor caused by measurement 
The quality assurance of particle number concentration and size distributions are 
discussed in section 2.1.4 in the manuscript. The ventilation rate is based on CO2 
concentrations measured by the CO2 sensor (GMP252 Vaisala). The calibration 
uncertainty of CO2 concentration (𝑠𝐶𝑂2 ) at 2000 ppm is ± 38 ppm according to the 
manufacturer. An uncertainty analysis has been conducted to assess the expected standard 
deviation ( 𝑆𝑃 ) in the penetration factor ( 𝑃 ) based on the uncertainty in the CO2 








The uncertainty has been evaluated for each size range, 𝑆𝑃 is smaller than 0.0007 for all 
sizes. Therefore, the uncertainty of the penetration factor caused by CO2 measurement is 
negligible. 
 
c. Sensitivity analyses of furniture surface area to the particle 
deposition rate 
In order to assess the expected deviation in 𝜆𝑑 based on the uncertainty in the surface area 
of the indoor furniture area, a sensitivity analysis has been conducted. The furnishing is 
assumed to have a smooth surface 𝑥  (horizontal or vertical). Assuming the volume 
change caused by the furnishing is negligible, the sensitivity of 𝜆𝑑 to a change of surface 
area 𝑥𝑖 is defined as: 𝑆𝑑 ≡
𝜕𝜆𝑑
𝜕𝑥𝑖
, and can be solved based on Eq. (5). Where i denotes the 
orientation of the surface. For the average household in our study, the sensitivity 
independent of orientation is around 0.0027 ± 0.0019 h-1 m-2. Therefore, the sensitivity 





III. Ambient temperature and indoor RH 
 
Figure A-2 Daily mean of ambient temperature vs. indoor relative humidity (RH) 
The indoor relative humidity during the cold, transition and warm seasons were 25 ± 5 %, 






IV. Diurnal cycles in the transition season 
 
Figure A-3 Diurnal cycle of the indoor and outdoor PM2.5-10, PM1-2.5, PM1, NFP, NUFP and 





V. Indoor sources 
a. Source event of using a fireplace 
 
Figure A-4 (a) Contour diagram of the indoor particle number size distribution and (b) 
time series of indoor and outdoor PNC (10 – 800 nm) as a function of time during one 















Figure A-5 Peak and background PNSD and PMSD of indoor source events. Each vertical 
bar is a boxplot shows the median, 25th and 75th percentile. Curve lines are the median 
PNSD and PMSD. Note that the background is defined as the circumstance before each 





c. Activity frequency in different seasons 
 
Figure A-6 Activity frequency (minutes/day) in the cold and warm season 
 
d. Effect of kitchen type on emission rates  
Table A-2 Emission rates of indoor sources estimated via the Indoor Aerosol Model (IAM) 
approach, separated after the two occurring kitchen types. 
Emission rate (EIAM) 
×1013 (h-1) 
Separate kitchen Open kitchen 
n mean SD n mean SD 
Baking 31 2.0 2.9 50 5.2 7.3 
Frying 23 0.4 0.3 68 3.9 5.3 
Toasting 20 0.8 0.8 36 6.9 13.5 
Other cooking 50 0.6 0.7 67 2.2 4.6 
Candle 45 3.1 4.0 47 7.3 8.2 
Fireplace 9 1.2 1.3 18 1.6 2.1 
Vacuum cleaning 17 0.5 0.9 11 0.4 0.3 
Mixed 32 2.5 3.8 46 5.4 10.7 
Others 15 0.2 0.4 18 0.9 2.3 






e. Effect of range hood on emission rates  
 
Figure A-7 Particle emission rates of cooking-related activities (i.e., baking, roasting and 
other cooking; toasting was not involved because people never used the hood during 
toasting) in houses used range hood during the measurements. Boxplots show the median, 
25th and 75th percentile, the whiskers are 5th and 95th percentile. Blue rectangles indicate 
the houses that are equipped with a range hood that exhausts the air from the house and 













Figure A-8 Correlating particle number emission rates calculated from the SPA and IAM 
approach. Sdif and mean parameter fitting as a function of indoor PNC (left); Scatter plot 








VI. Impact of the house layout on indoor concentrations 
As discussed in section 2.2 in the manuscript, the dynamic behaviour of indoor aerosol 
particles can be described in the balance equation as Eq. (1). The change rate of the indoor 
particle number concentration (
𝑑𝐼
𝑑𝑡
) are affected by penetration factor (𝑃), ventilation rate 
(𝜆), indoor particle loss ((𝜆 + 𝜆𝑑) and 𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛), and indoor sources (
𝐸
𝑉
). Among them, 
𝑃 and 𝜆𝑑 are influenced by the characteristics of the dwellings under the assumptions of 
this work, including the floor plans or dimensions. While 𝜆 and 𝑆 are more related to 
occupants’ activities, e.g. how often the windows are opened and how often cooking is 
done, and 𝐽𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 is related to the physical properties of the particles.  
For illustration, the mean penetration factors for four size ranges (10-20, 30-50, 100-200, 
and 500-800 nm) in the 40 homes are shown in Figure A-9. The penetration factors have 
been discussed in dwelling layout and size of living areas these two aspects:  
- The green boxes mark the detached/semi-detached houses and the others are 
apartments. The mean penetration factors in detached/semi-detached houses 
are around 0.1 higher than in apartment. However, the standard deviation is ≥ 
0.2 for each size range. 
- The red circles mark the dwellings size ≤100 m2, and the others are >100 m2. 
The mean penetration factors in the smaller dwellings are 0.1 lower or the 
same as in the bigger ones. Again, the standard deviation is ≥ 0.2 for each size 
range.  
Similar results to the particle loss rate are recorded. In summary, conclusions about the 
effects of arrangement or dimensions on the penetration process are rather bold 
statements. The reasons could be: 
- From the aspect of layouts or dimensions, there are 40 samples, after splitting 





- In current number of homes, ventilation rate and indoor sources have more 
dominating influence than the layouts and dimensions.  
 
Figure A-9 Particle size-resolved penetration factors in 40 homes 
 
VII. Coagulation loss  
 
Figure A-10 Coagulation coefficient vs. GMD by the level of indoor PNC 
 
Coagulation coefficient 𝐾 was calculated based on Fuchs theory in the transition and free 
molecular regime (Seinfeld and Pandis (2016), p: 550-551). Assumption: all collisions 







Figure A-11 PNC loss rate due to coagulation as a function of indoor PNC, colour coded 





VIII.  Source contribution to particle exposure 
a. Source contribution from indoor and outdoor in 40 homes  
 
Figure A-12 Contribution of indoor and outdoor source types to the daily-integrated 





b. Particle exposure load in different seasons  









Penetration 59663 50360 53633 
Open windows 51035 13117 30733 
Baking 17018 21886 16752 
Frying 11883 8266 9707 
Toasting 15988 8195 6703 
Other cooking 2090 11113 8360 
Candle 5714 49102 36339 
Fireplace 2260 4937 2512 
Vacuum cleaning 1730 1663 1467 
Mixed 3411 18302 10765 
Others 5399 783 2677 
Unknown 14236 19198 19319 









List of Figures 
Figure 1-1 Particle deposition efficiency for a normal adult at rest (Geiser and Kreyling, 
2010). ........................................................................................................... 12 
Figure 1-2 Indoor aerosol dynamic processes ................................................................ 17 
Figure 2-1 Outdoor and indoor measurement systems. Both systems included a 
TROPOS-MPSS and an OPSS. To ensure the instruments function properly 
outdoors, the outdoor system was equipped with a water and heat insulation 
cover and air conditioning. The indoor system was additionally equipped 
with a CO2 sensor and a microAethalometer. .............................................. 22 
Figure 2-2 Operating principle of OPSS (GRIMM-Aerosol-Technik, 2010) ................ 24 
Figure 2-3 Sketch of the recommended closed-loop mobility particle size spectrometer 
in Wiedensohler et al. (2012). ...................................................................... 24 
Figure 2-4 Time series for the daily ambient temperature in Leipzig (from December 
2016 to December 2017), and in Berlin (from January 2018 to March 2019). 
Blue, green and red solid lines mark the cold, transition and warm seasons, 
respectively. The grey shaded areas are the measurement periods. n is the 
number of measurement days (Zhao et al., 2019). ....................................... 26 
Figure 2-5 Locations of investigated homes in Leipzig and Berlin. Urban, suburban and 
rural areas are defined according to the population density. ....................... 29 
Figure 2-6 Flowchart of indoor and outdoor simultaneous measurement at private 
homes. .......................................................................................................... 32 
Figure 2-7 Interface of digital activity logbook. ............................................................. 32 
Figure 2-8 Example of a remote control observation showing the PC interface of the 
indoor system. .............................................................................................. 33 
Figure 2-9 OPSS inter-comparison: The time series of the PM10, PM2.5, and PM1 of the 





Figure 2-10 OPSS inter-comparison: Linear regression between the PM10, PM2.5, and 
PM1 mass concentrations of the indoor and outdoor OPSS after calibration. 
(Legend at the top left shows the curve fit results, coefficient values ± one 
standard deviation.) ...................................................................................... 34 
Figure 2-11 MPSS comparison: The time series of the PNC (10 – 800 nm) of the 
indoor, outdoor, reference MPSS and reference CPC after calibration. ...... 36 
Figure 2-12 MPSS comparison: Linear regression between the particle number 
concentrations of the indoor and outdoor MPSS, and Reference CPC after 
calibration. (Legend at the top left shows the curve fit results, coefficient 
values ± one standard deviation.) ................................................................. 36 
Figure 2-13 MPSS comparison: The mean PNSD of the indoor, outdoor, and reference 
MPSS after calibration. ................................................................................ 37 
Figure 3-1 Overall statistics of PM2.5-10, PM1-2.5, and PM1 mass concentrations, NFP and 
NUFP. Whiskers are 1
st and 99th percentiles. ................................................. 45 
Figure 3-2 Indoor and outdoor PM2.5-10 and PM1-2.5 mass concentrations, NFP by each 
home. ............................................................................................................ 46 
Figure 3-3 Diurnal cycle of the indoor and outdoor PM2.5-10, PM1-2.5, PM1, NFP, NUFP and 
Ndif in the cold and warm seasons. ............................................................... 48 
Figure 3-4 Diurnal cycle of the indoor and outdoor NFP in weekday and weekend (and 
holiday). ........................................................................................................ 50 
Figure 3-5  Distribution of indoor activities as a function of the start time. ................... 51 
Figure 3-6 Diurnal cycle of the median indoor eBC, indoor PM1 and outdoor PM1. ..... 52 
Figure 3-7 Diurnal cycle of the indoor eBC in cold and warm seasons. ......................... 52 
Figure 3-8 Boxplots of PNSDs and PMSDs during night time and active time in the 





Figure 3-9 a) Mean duration of indoor source activities identified per day in each home 
(minutes/day), and b) aggregate mean durations (minutes/day) for the entire 
data set (500 days). ...................................................................................... 56 
Figure 3-10 Median PNSD (left) and PMSD (right) increments resulting from indoor 
source events. The effect of opening the windows is added for comparison. 
Note that the plot of PNSD is a log-log plot, and the plot of PMSD is a 
semi-log plot (on the x-axis). ....................................................................... 58 
Figure 3-11 Time series of median indoor eBC increment resulting from indoor source 
events and opening the windows. ................................................................ 60 
Figure 4-1 Time series of the measured indoor CO2 concentration. The blue and orange 
colours indicate the period with closed and open windows, respectively. .. 62 
Figure 4-2 Size-resolved I/O ratio under steady state conditions. × marks the mean 
value. ............................................................................................................ 63 
Figure 4-3 Size-resolved indoor particle decay rate (λ+ λd). × marks the mean value. .. 64 
Figure 4-4 Size-resolved penetration factor of 40 homes in this study (red boxplot), × 
marks the mean value of this study. In comparison, there are penetration 
factor curves estimated by H. Zhao (2017), C. Long (2011), and T. Hussein 
(2005). .......................................................................................................... 66 
Figure 4-5 Size-resolved particle decay rates during each hour after “peak-time” of 378 
indoor source events. Curved lines mark the median values. Box plots 
(vertical) show the median, 25th, and 75th percentile, the whiskers are 5th and 
95th percentile. PNC indicates the mean indoor PNC during each hour. This 
figure includes only activities after which no other activity took place for at 
least six hours. .............................................................................................. 67 
Figure 4-6 Comparison of experimentally derived particle decay rates (dots, SE the 
standard error) and model-predicted loss rates (lines) including deposition 
onto indoor surfaces for various friction velocities according to Lai and 





the indoor surface-area-to-volume ratio A/V = 1.7 m-1. The best-fit result for 
the friction velocity u was 0.16 m s-1. .......................................................... 68 
Figure 4-7 Exemplary model simulation of PNC with IAM in one home (No. L2). The 
model uses measured outdoor PNC and indoor GMD to simulate indoor 
particle deposition loss, coagulation loss, and indoor PNC. Emission rates 
are calculated from the difference between simulated and measured indoor 
PNC. ............................................................................................................. 70 
Figure 4-8 Emission rates of each indoor activity estimated by (a) single-parameter 
approach (SPA), (b) SPA including P, λ, and (λ+ λd), (c) indoor air model 
approach, and (d) SPA with correction. Boxplots show the median, 25th, and 
75th percentile, the whiskers are 5th and 95th percentile. The mean emission 
rates calculated by Wallace and Ott (2011), Isaxon et al. (2015), He et al. 
(2004), Hussein et al. (2005a); (2006) are compared in the plot using the 
same approach. ............................................................................................. 74 
Figure 4-9 Sdif and mean parameter fitting as a function of indoor PNC (left); Scatter 
plot of log(Sdif) and log(Sfitted) (right). The number of events n = 530. ........ 77 
Figure 5-1 Seasonal difference of mean source contribution to daily-integrated exposure 
to indoor PNC per day (cm-3 h/day). Data of this figure is in Appendix-
VIII.b. ........................................................................................................... 81 
Figure 5-2 Regional difference of mean source contribution to daily-integrated exposure 
to indoor PNC per day (cm-3 h/day). ............................................................ 82 
Figure 5-3 Comparison of the daily-integrated PNC exposures obtained in California 
(Bhangar et al., 2011), Beijing (Mullen et al., 2011), Copenhagen (Bekö et 
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A/V      Surface area to volume ratio 
BC     Black Carbon 
eBC     Equivalent Black Carbon  
CPC      Condensation Particle Counter 
DMA    Differential Mobility Analyser 
E       Emission rate  
EIAM       Emission rate calculated using Indoor Aerosol Model approach  
ESPA       Emission rate calculated using SPA approach excluding dynamic 
processes [𝑃, 𝜆, and (𝜆 + 𝜆𝑑)] 
ESPA+        Emission rate calculated using SPA approach including dynamic 
processes [𝑃, 𝜆, and (𝜆 + 𝜆𝑑)] 
Dp     Particle Diameter 
GMD    Geometric Mean Diameter 
I      Measured indoor particle number concentration 
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IAM     Indoor Aerosol Model Approach 
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